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Preface
The liver has a vital role in intermediary and whole-body metabolism. Thus, it is the 
major organ responsible for a whole spectrum of body functions ranging from glu-
cose provision via the breakdown of glycogen and gluconeogenesis to the storage of 
vitamins; the secretion of bile; lipogenesis; lipid catabolism; the synthesis and secre-
tion of a number of export proteins such as albumin, prothrombin, and various secre-
tory proteins; amino acid deamination; the production of urea; the detoxification of 
toxins; and steroid hormone metabolism. As a consequence, any adverse effect on 
the liver will have devastating consequences not only on its functions but also on 
the functions of other tissues such as the brain and the heart. However, there are 
many different types of liver diseases, each with distinct etiologies and nutritional 
treatment regimens. Each of the facets mentioned above must be placed within the 
context of the particular disease under scrutiny. Nevertheless, some of the elements 
in a particular disease entity can be cross-transferable to some other types of liver 
diseases.

The understanding of liver disease and nutrition requires a holistic understanding 
not only of the causative elements that precipitate the disease but also the nutritional 
factors and regimens that reverse the deteriorating hepatic function. By implication, 
holistic knowledge is also gained via a broad understanding of the nutritional ele-
ments in a wide range of liver diseases. Finding this knowledge in a single coherent 
volume of treatise would be very vital in the treatment of liver diseases. It is precisely 
in this context that Nutrition, Diet Therapy, and the Liver addresses these aspects in 
a comprehensive yet succinct way.

Nutrition, Diet Therapy, and the Liver is composed of the following four sections: 
Overviews, General Nutritional Support, and Nonspecific Conditions; Steatosis and 
Metabolic Liver Disease; Cancer, Viral, and Immune Diseases; and The Young and 
Aging Liver, End-Stage, and Transplantation.

Contributors in the first section emphasize the fact that nutrition has an impor-
tant role to play not only in the development of liver disease but also in the reversal 
of liver dysfunction. It is well known that mortality is significantly increased in a 
malnourished compared with a nourished or even an overnourished population. For 
example, vitamin A deficiency will lead to an exacerbation of alcoholic liver disease. 
Moreover, the general nutritional status of a patient with liver disease will also have 
a bearing on the outcome. Artificial nutritional support is also important in the treat-
ment of patients, such as those with hepatitis, whose survival is markedly improved 
by enteral or parenteral feeding.

In the second section, the contributors cover various aspects of alcoholic liver 
disease (ALD) and nonalcoholic fatty liver disease (NAFLD) and the consequent 
steatohepatitis that encompasses the whole spectrum of triglyceride accumulation, 
inflammation, fibrosis, and, eventually, end-stage cirrhosis of the liver, which accounts 
for 14–20% of liver transplants worldwide. The initial stage of triglyceride accumu-
lation leads to insulin resistance and accompanying metabolic syndrome. This leads 
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to mitochondrial dysfunction resulting in the generation of reactive oxygen species 
(ROS). ROS is further increased in iron overload. ROS, in turn, causes more peroxi-
dation of polyunsaturated fatty acids, generating more ROS, which down-regulates 
apolipoprotein B synthesis, which is in turn essential for exporting hepatic triglycer-
ides in the form of very low density lipoproteins. ROS also depletes hepatic antioxi-
dant glutathione; increases proinflammatory cytokines such as tumor necrosis factor 
α; suppresses adiponectin and proteasome activity; down-regulates asialoglycopro-
tein receptors resulting in apoptosis; leads to chemoattraction inflammatory cells to 
invade the liver; and activates stellate cells that produce and deposit more collagen, 
the hallmark of liver fibrosis. On the other hand, S-adenosylmethionine (SAMe), 
zinc, low levels of omega-3 fatty acids, and low-protein diets may be beneficial in 
the treatment of ALD and NAFLD in clinical practice, presumably by counteracting 
ROS and proinflammatory cytokines.

The authors of the third section focus on the mounting evidence in support of 
alcohol abuse, hepatitis viruses, and immune diseases as important predisposing 
factors in the incidence of hepatocellular carcinomas. Obviously, oxidative stress 
leading to ROS may be one of the major mechanisms involved in the pathogenesis of 
liver cancer. Therefore, dietary supplementation with antioxidants such as vitamins 
E and C as well as with methyl donors such as SAMe or betaine to restore liver 
glutathione, the natural antioxidant, may protect against alcohol-, autoimmune-, or 
viral-induced hepatocellular carcinomas. In addition, branched-chain amino acids 
and vitamins A, D, and K may also protect against hepatocarcinomas.

Finally, in the fourth section, the contributors evaluate the importance of nutri-
tion in the treatment of liver diseases in infants versus adults, including recovery 
after liver transplantation. Thus, compared with the young, ROS generation within 
mitochondria seems to be increased with aging and may cause severe injury to mito-
chondrial DNA. There is also a progressive decline in the hepatic cytochrome P450 
system with aging, resulting in impaired xenobiotic metabolism in the aged liver. 
Shortening of telomeric ends of chromosomes also correlates with aging and decline 
in the replicative potential of liver cell replicative senescence. Treatments with 
potential antioxidant cocktails including SAMe and betaine seem to show promise 
in recovery, even in patients with end-stage liver transplants.

The contributors to this volume are authors of international and national repute 
and leading experts in their respective fields. Emerging fields of science and impor-
tant discoveries are also incorporated in this book and represent a one-stop shopping 
of material related to nutrition and the liver. Nutrition, Diet Therapy, and the Liver 
will be an essential reference book for nutritionists, dieticians, hepatologists, clini-
cians, health care professionals, research scientists, pathologists, molecular biolo-
gists, biochemists or cellular biochemists, and general practitioners, as well as those 
interested in nutrition or hepatology in general.
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1.1 � Introduction

The liver is the largest organ in the body and is involved in numerous metabolic 
pathways, such as the regulation of carbohydrate, lipids, and proteins. The specific 
functions of the liver also include steroid hormone synthesis, drug detoxification, 
and bilirubin conjugation (Figure 1.1). More recently, investigations have been focus-
ing on how components of the diet, in particular fatty acids, may regulate lipogenic 
pathways. As a consequence, current and future research is now heavily targeting 
transcriptional factors that are possibly involved in these pathways. This may lead to 
newer drug interventions for disorders such as obesity and fatty liver disease (alco-
holic and nonalcoholic).
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1.2 �R ole of the Liver in Carbohydrate Metabolism

1.2.1 � Glycogen Synthesis and Breakdown

The liver plays an important role in carbohydrate metabolism under two main condi-
tions: absorptive (feeding) state and postabsorptive (fasting) state.

1.2.1.1 �F eeding Conditions
During feeding, the absorbed intestinal glucose is transported to the liver via the 
hepatic portal vein. In the liver, glucose is carried across the hepatocyte membrane 
through glucose transporters known as glucose transporter 2. They are irresponsive 
to insulin and also have a very high Michaelis constant (Km), ranging from 15 to 20 
mmol/L. Thus, the rate of glucose uptake by the hepatocytes is proportional to the 
plasma glucose concentration. In the hepatocyte, glucose is phosphorylated to form 
glucose-6-phosphate (G6P) by the enzyme glucokinase. Glucokinase is a distinctive 
enzyme in the family of hexokinases with a high Km for glucose and, under physi-
ological conditions, is unaffected by its product, G6P (Figure 1.2). These character-
istic features of the liver make it capable of rapidly taking up and phosphorylating 
glucose when the plasma glucose concentration is high and also its ability to release 
glucose when the need arises (as outlined below).

The synthesized G6P may be used in glycolysis, which is activated under fed 
conditions or fed into the pathway of glycogen synthesis. Glycogen formation in the 
liver is activated by insulin and glucose, which are of easy proximity to the liver 

• Xenobiotics (e.g., drugs)

Lipid metabolism and related products:

(Kupffer cells) 
• Mobilization of macrophages 
Fighting infections:

• Synthesis of clotting factors

• Glycogen synthesis and breakdown

Liver functions

Carbohydrate metabolism:

• Gluconeogenesis Protein metabolism:

• Albumin synthesis 
• Urea synthesis

• Fatty acid synthesis
• Fatty acid oxidation
• Cholesterol synthesis and excretion
• Lipoprotein synthesis
• Bile acid synthesis
• Ketogenesis

Detoxification:
• Bilirubin metabolism

Hormone metabolism:
• Hydroxylation of vitamin D
• Peptide hormone synthesis
• Steroid hormone synthesis

Storage:
• Iron
• Glycogen
• Vitamins

FIGURE 1.1  Main liver functions are indicated together with examples in each category.
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due to direct secretion of insulin by the pancreas and quick delivery of intestinal 
glucose via the hepatic portal vein. Insulin and glucose stimulate glycogen synthesis 
by activating the main regulatory enzyme glycogen synthase and suppress glycogen 
breakdown by inhibiting the enzyme glycogen phosphorylase (GP), resulting in the 
final glycogen storage. On the other hand, under fed conditions, glycolysis is acti-
vated and G6P can also be used by hepatocytes to produce pyruvate, which can then 
enter the tricarboxylic acid (TCA) cycle or be transformed into lactate. However, 
evidence shows that glycogen synthesis after meals is derived from both the con-
tribution of the pathway that directly produces glycogen from glucose, and also the 
indirect route, whereby glycogen is synthesized from three-carbon gluconeogenic 
substrates such as lactate (Nuttall, Ngo, and Gannon, 2008).

G6P

Glucose

GK

Glucose

F6P

Glyc 3-P

PEP

Pyruvate

OAA

Malate

Pyruvate

+Insulin

Citrate Acetyl-CoA Malonyl-CoA Fatty acid Triglycerides
FAS Lipogenic 

pathway
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GLUT2

Pyruvate
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Mitochondria
Citrate

ATP/Citrate lyase

Glycogen 
synthesis

TCA
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Nucleotide
and

nucleic acid
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Biosynthetic 
reactions

FIGURE 1.2  Glucose enters hepatocytes mainly through the glucose transporter 2 and 
undergoes glycolysis in the cytosol to form pyruvate. Stored liver glycogen is also broken 
down by the enzyme glycogen phosphorylase (GP) to glucose 6-phosphate (G6P), which 
can join the glycolytic and pentose phosphate pathways or be converted by the enzyme glu-
cose 6-phosphatase (G6Pase) to produce glucose when the need arises (e.g., during fasting). 
Pyruvate can enter the Krebs cycle in the mitochondria via acetyl-CoA to form citrate. Citrate 
also enters the lipogenesis pathway via acetyl-CoA to produce triglycerides and cholesterol 
in the cytosol. Hormonal regulation by insulin is shown throughout. Furthermore, enzymes 
involved in the lipogenic pathway are induced by insulin. FAS, fatty acid synthase; F6P, 
fructose 6-phosphate; GK, glucokinase; Glyc 3-P, glyceraldehydes 3-phosphate; G6PD, glu-
cose 6-phosphate dehydrogenase; GS, glycogen synthase; OAA, oxaloacetate; PK, pyruvate 
kinase; PEP, phosphoenol pyruvate; 6PG, 6-phosphogluconate.
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1.2.1.2 �F asting Conditions
When the concentration of glucose in the blood drops (e.g., during starvation/fast-
ing), glycogen stored in the liver is then broken down to release glucose into the 
bloodstream. This process is the reverse of glycogen formation; thus, GP is acti-
vated whereas glycogen synthase is inhibited. Hormones such as glucagon, and the 
catecholamines adrenaline and noradrenaline, under stressful situation effect the 
phosphorylation of GP to cause its activation, leading to glycogenolysis. The resul-
tant product of glycogen breakdown is glucose-1-phosphate, which is reversibly con-
verted to G6P by the enzyme phosphoglucomutase. G6P is finally acted upon by the 
enzyme glucose-6-phosphatase to produce glucose (Figure 1.2) and released into the 
circulation.

1.2.2 � Gluconeogenesis

Gluconeogenesis is the synthesis of glucose from noncarbohydrate sources, and the 
liver is the main organ that plays an important role in this process. Gluconeogenesis 
resembles the direct reciprocal of glycolysis but with some significant differences 
at strategic points in the pathway where regulation occurs. The main substrates 
involved in gluconeogenesis are lactate, pyruvate, glycerol, amino acids (e.g., ala-
nine), and intermediate metabolites of the TCA cycle.

The regulation of gluconeogenesis is under the control of two main factors:  
(1) regulation of the enzymes involved in the pathway by hormones and (2) rate of sub-
strate supply (Jahoor, Peters, and Wolfe, 1990; Frayn, 2003). The hormone glucagon 
activates gluconeogenesis, whereas insulin inhibits it. Whenever glucagon predomi-
nates, the resultant effect is the production of G6P in the liver with the subsequent 
release of glucose into the bloodstream. This pattern of glucagon dominance is in 
resemblance of glycogenolysis. This means that the two processes happen almost 
at the same time but for a short term. For instance, during an overnight fast, the 
contribution of gluconeogenesis and glycogenolysis to overall glucose production 
is roughly equal (Rothman et al., 1991). However, in prolonged fasting/starvation, 
gluconeogenesis predominates (Landau et al., 1996).

In the case of substrate supply, postulated in the past to be a major mechanism 
for regulating the rate of gluconeogenesis, this pathway is enhanced when substrates 
are increased. One good example is after physical exercise, when lactate concentra-
tion rises in the blood, and the liver is the main organ in the body that mobilizes and 
converts lactate into glucose, increasing gluconeogenesis. However, several current 
studies performed using different gluconeogenic substrates such as amino acids, lac-
tate, glycerol, and the monosaccharides fructose and galactose have revealed that 
only a small variation in glucose production occurred postabsorptively despite the 
increased availability of substrates (Nuttall, Ngo, and Gannon, 2008).

1.2.3 �R egulation of Blood Glucose Levels

Stable maintenance of blood glucose levels is under carefully regulated homeostatic 
mechanisms in the body because serious metabolic consequences will arise if this 
process is not tightly controlled. This is so for two main reasons: (1) the utilization 
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of glucose by the brain as a primary fuel is imperative and (2) the toxicity of high 
concentrations of glucose in causing protein modification and oxidative damage 
(Nuttall, Ngo, and Gannon, 2008). Insulin, which plays a central role in the regula-
tion of blood glucose, is secreted by the β cells of the Islets of Langerhans in the pan-
creas. Increasing levels of blood glucose stimulates insulin secretion. Also, amino 
acids, free fatty acids (FFAs), and ketone bodies will cause a similar effect. Insulin 
decreases blood glucose levels by enhancing its entrance into insulin-sensitive tis-
sues. It also promotes glucose metabolism via glycolysis and glucose storage via 
glycogenesis. Under low blood glucose conditions (hypoglycemia), the hormone glu-
cagon (secreted by the a cells of the Islets of Langerhans) is released into circulation 
to promote the release of glucose by stimulating glycogenolysis and gluconeogenesis 
(Figures 1.2 and 1.3). Other hormones with similar effects such as glucagon include 
adrenaline, thyroid hormones, glucocorticoids, and growth hormones.

In the longer-term regulation, insulin has been identified to have long-term effects 
on glucose (and lipid) metabolism through its control on the expression of specific 
genes involved in the metabolic pathways of glucose. In insulin-sensitive tissues, 
particularly in the liver, the transcription factor sterol regulatory element–binding 
protein 1c (SREBP-1c) mediates the insulin signal. Thus, insulin activates the tran-
scription and proteolytic maturation of SREBP-1c, which in turn induces the expres-
sion of a family of genes involved in glucose utilization (and also fatty acid synthesis 
as explained in section 1.3.2.1) and as such can be considered a thrifty gene (Foufelle 
and Ferré, 2002; Denechaud et al., 2008). Besides the transcription factor SREBP-1c, 
glucose also causes the activation of the carbohydrate responsive element–binding 
protein (ChREBP), which stimulates the gene expression of most enzymes involved 
in glucose metabolism and lipogenesis (as explained in section 1.3.2.1).

1.3 �R ole of the Liver in Fat Metabolism

The liver has both synthetic and catabolic functions in terms of fat metabolism. Its 
synthetic role is of more importance when fatty acids are synthesized from nonfat 
sources such as glucose, which, in humans, contributes a small amount to the body 
fatty acid pool. Mostly, dietary fatty acids are the main source of fatty acids in the 
body. After a meal, more than 95% of dietary fat (85–90% in infants) is absorbed by 
the small intestine and fed into the portal (fatty acids with fewer than 10 carbon units) 
or lymphatic systems to form chylomicrons (CMs), the largest group of the circulat-
ing lipoproteins (Sampath and Ntambi, 2005). Besides these CMs, very low density 
lipoproteins (VLDLs), packaged by the liver, and adipose tissue lipolysis, also con-
tribute to the plasma fatty acid pool. Principally, fatty acids entering the liver either 
undergo oxidation or are involved in triacylglycerol (TAG) formation (Figure 1.3).

1.3.1 �F atty Acid Oxidation

In humans, the breakdown of fatty acids in the liver (also known as β oxidation) 
occurs in the mitochondria. It can also occur in other intracellular sites, particularly 
in peroxisomes, which are involved in the metabolism of a variety of fatty acids, 
especially very long chain fatty acids and branched-chain fatty acids (Reddy and 
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Hashimoto, 2001). There are other types of fatty acid oxidation, including α oxidation  
and ω oxidation by members of the cytochrome P450 4A family in the endoplasmic 
reticulum (microsomes). Cytochrome P450s belong to a superfamily of hemoproteins 
that catalyze the oxidation of endogenous and exogenous compounds, including fatty 
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FIGURE 1.3  Fatty acid transporters carry fatty acids across the membrane into the cytosol. 
They can also enter via diffusion or with the assistance of specific binding proteins. Fatty 
acids become activated by forming a thioester bond with coenzyme A (CoASH) catalyzed 
by the enzyme acyl-CoA synthase (ACS) to produce fatty acyl-CoA. In conditions of excess 
and/or under the influence of insulin, fatty acyl-CoA will lead to triglyceride formation by 
the enzyme fatty acid synthase. Small- to medium-sized acyl-CoAs enter the mitochondrion 
for oxidation by simple diffusion, but longer ones are aided by forming acyl-carnitine deriva-
tives by the enzyme carnitine-palmitoyl transferase 1 (CPT-1) with the subsequent formation 
of acyl-CoA by the inner mitochondrial membrane enzyme carnitine palmitoyl transferase 2 
(CPT-2). The function of CPT-1 is inhibited by malonyl-CoA. Acyl-CoA derivatives undergo 
β oxidation leading to acetyl-CoA production. The fate of acetyl-CoA depends on the energy 
status of the cell and can (1) enter the Krebs cycle and (2) lead to the formation of ketone 
bodies (e.g., under conditions of starvation), which are subsequently released into the circu-
lation and metabolized by the muscle, heart, and brain. Fatty acid oxidation also produces 
flavin adenine dinucleotide (reduced form) (FADH2) and nicotinamide adenine dinucleotide 
(reduced form) (NADH), which can enter the oxidation phosphorylation (OP) pathway to pro-
duce ATP. Hormonal regulation occurs by insulin inhibiting fatty acid oxidation by activating 
acetyl-CoA carboxylase (ACC) to increase the production of malonyl-CoA and fatty acid 
esterification, whereas glucagon increases fatty acid oxidation through its action on CPT-1.
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acids. These extramitochondrial fatty acid oxidation systems are essential during peri-
ods of increased influx of fatty acids into the liver. Thus, a variety of agents (known 
as peroxisome proliferators) such as fatty acids and fatty acid–derived molecules can 
stimulate peroxisome proliferation, which is associated with increased expression 
of genes involved in peroxisomal β oxidation. Other essential enzymes involved in 
fatty acid oxidation are long-chain acyl-coenzyme A (CoA) dehydrogenase, which 
converts long-chain fatty acids (LCFAs) to medium-chain fatty acids (MCFAs; C12–
C14); medium-chain acyl-CoA dehydrogenase, which make short-chain fatty acids 
(SCFAs), and short-chain acyl-CoA dehydrogenase (Reddy and Hashimoto, 2001).

When the circulatory fatty acids reach the liver, they are transported across the 
membrane of hepatocytes by transporters (e.g., CD36 fatty acid transporters, fatty 
acid transport proteins) into the cytosol (Kalant and Cianflone, 2004). Within the 
cytosol, they bind to specific fatty acid binding proteins to effect their movements 
and then become activated by forming thioester link with CoA (i.e., esterification), 
catalyzed by the enzyme acyl-CoA synthase present in the outer mitochondrial 
membrane, to produce acyl-CoA derivatives of the fatty acids in question. Small- 
and medium-chain fatty acyl-CoA molecules (usually up to 10 carbon atoms) have 
the ability to cross the inner mitochondrial membrane into the matrix by diffusion, 
whereas longer fatty acyl-CoAs require a specialized transport mechanism as they 
cannot readily cross the inner mitochondrial membrane. To accomplish this, the  
longer fatty acyl-CoAs form a link with a polar molecule carnitine catalyzed by  
the enzyme carnitine palmitoyl transferase 1 (CPT-1) (located on the outer face of the 
inner mitochondrial membrane) resulting in the substitution of the CoA group with 
carnitine molecule to form acylcarnitine (Figure 1.3). With the help of the enzyme 
acylcarnitine translocase, the acylcarnitine is transported across the inner mitochon-
drial membrane into the mitochondrial matrix, where it is converted back to fatty 
acyl-CoA by the enzyme carnitine acyltransferase-2 (located on the matrix side of 
the inner mitochondrial membrane) with the release of carnitine. The fatty acyl-CoA 
is then degraded by the sequential removal of two-carbon units in the form of acetyl 
CoA from the end of the fatty acid. The acetyl CoA produced enters the TCA cycle. 
This pathway also results in the production of flavin adenine dinucleotide (reduced 
form) (FADH2) and nicotinamide adenine dinucleotide (reduced form) (NADH), 
which feed directly into mitochondrial oxidative phosphorylation to yield energy in 
the form of adenosine 5′-triphosphate (ATP).

In excess, the acetyl CoA is converted into acetoacetate and 3-hydroxybutyrate 
via a process called ketogenesis. Acetoacetate can undergo decarboxylation to form 
acetone. These products, 3-hydroxybutyrate, acetoacetate, and acetone, are known 
as ketone bodies. They are mainly produced by the liver but cannot be reused by 
the liver; rather, they are released into circulation. Ketone bodies play an important 
physiological role as a source of energy for certain tissues such as heart muscle and 
kidney cortex. Also, during starvation and in diabetes, the brain can use 3-hydroxy-
butyrate as its main energy source (Cahill and Veech, 2003).

1.3.1.1 �R egulation of Fatty Acid Oxidation
The major regulatory point of β oxidation of fatty acids is fatty acid availability. One 
of the main sources of FFAs in the blood is from the degradation of stored TAG in 
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adipose tissue, which is regulated by the action of hormone-sensitive triacylglycerol 
lipase. Another point of regulation is the inhibition of the enzyme CPT-1 by malonyl-
CoA, an intermediate of de novo lipogenesis. Insulin inhibits fatty acids β oxida-
tion by first increasing the concentration of malonyl-CoA through the activation of 
acetyl-CoA carboxylase (ACC), and then by stimulating fatty acid esterification to 
form TAG. Another hormone, glucagon, is known to increase fatty acid oxidation, 
probably by its direct effect on CPT-1.

In longer-term regulation, peroxisomal proliferator–activated receptors (PPARs) 
(nuclear receptors activated by peroxisome proliferators; e.g., fatty acids, fatty acid–
derived molecules) have been identified to play an important regulatory role. (For a 
comprehensive review, see Reddy and Hashimoto, 2001.) Members of this family 
include PPARα, PPARγ, and PPARd. PPARα is mainly expressed in tissues involved 
in fatty acid metabolism, including the liver. Recently, it has been discovered that 
PPARα tightly regulates the expression of genes involved in mitochondrial and 
extramitochondrial fatty acid oxidation in the liver, and as such, any defect in the 
expression of these genes can affect the degree of hepatic fatty acid oxidation. Thus, 
elevated levels of plasma fatty acids lead to the activation of PPARα, which results in 
peroxisomal proliferation and increased expression of genes encoding for enzymes 
involved in fatty acid oxidation, ultimately leading to increased fatty acid oxidation 
(Jump et al., 1993, 1994; Reddy and Hashimoto, 2001). However, in humans, PPARα 
is weakly expressed and its role is not fully understood, although a number of splice 
variants of the isoform have been characterized (Jump and Clarke, 1999; Palmer et 
al., 1998).

1.3.1.1.1 � Dietary Regulation of Fatty Acid Oxidation
Currently, for health interest, structure-dependent stimulation of fatty acid oxidation 
has become a point of attraction. Thus, choice of food may greatly impact the separa-
tion of dietary fat for oxidation versus retention for storage and structural utilization 
in humans. This is so for mainly two reasons (Jones and Kubow, 2006): (1) eating of 
fats associated with greater retention may increase the possibility of developing obe-
sity; (2) the more one accumulates less oxidized fatty acids in cells, the greater the 
chance of occurrence of structural and functional alterations resulting from changes 
in membrane phospholipids fatty acid patterns or in the prostaglandin/thrombox-
ane ratio. The effect of tissue fatty acid composition on functional capability, for 
instance, insulin sensitivity, is well known (Clandinin et al., 1993).

Clinically, consumption of SCFAs and MCFAs leads to increase in energy pro-
duction, likely due to the direct movement of SCFAs and MCFAs from the intes-
tine to the liver via the hepatic portal vein. Moreover, SCFAs are rapidly oxidized 
because of their transport by diffusion into the mitochondria. For LCFAs, polyun-
saturated FAs (PUFAs), especially n-6 and n-3, are preferentially oxidized for energy 
than saturated FAs (Jones and Kubow, 2006).

1.3.2 �L ipid Synthesis

Depending on the energy status, another fate of fatty acids upon arrival in the liver is 
their esterification to form TAG, stored within the hepatocytes as a reserved energy 
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for the liver but also subsequently secreted into the circulation as VLDLs, which 
contributes to the body fatty acid pool.

The liver can synthesize lipids from nonlipid precursors such as glucose (pathway 
commonly known as de novo lipogenesis) in the cytosol through acetyl-CoA (Figure 
1.2). Acetyl-CoA, a product of pyruvate (e.g., from glycolysis or amino acid catabo-
lism), is synthesized in the mitochondria. Since the inner mitochondrial membrane 
is impermeable to acetyl-CoA transport into the cytosol, entry is achieved by its 
conversion into citrate via the enzyme citrate synthase. In the cytosol, the citrate 
is broken down by ATP/citrate lyase to regenerate the acetyl-CoA, where it is car-
boxylated by the enzyme ACC to form malonyl CoA. Fatty acid synthesis proceeds 
from the intermediates of acetyl-CoA and malonyl CoA by successive addition of 
two-carbon units facilitated by the enzyme fatty acid synthase. The synthesized fatty 
acids may combine with glyceraldehyde 3-phosphate (an intermediate of glycolysis) 
to form TAG and phospholipids.

1.3.2.1 �R egulation of Lipid Synthesis
Fatty acid synthesis occurs in the fed state, when carbohydrate and energy sources 
are in abundance. The main enzyme involved in the regulation of fatty acid syn-
thesis is ACC, which synthesizes malonyl CoA, the committed step in the meta-
bolic pathway. ACC is inactivated by phosphorylation via the enzyme adenosine 
5′-monophosphate (AMP)–activated protein kinase (which is activated by AMP and 
inhibited by ATP). However, ACC is activated via dephosphorylation by the enzyme 
protein phosphatase 2A (PP2A). At low cellular energy (i.e., when the AMP/ATP 
ratio is high), the kinase is activated, which then inactivates ACC, and fatty acid 
synthesis is switched off.

ACC is also under hormonal regulation. In a well-fed state, insulin levels become 
elevated and stimulate ACC, leading to high levels of malonyl CoA (which, in turn, 
inhibits fatty acids oxidation) (Figure 1.3), which finally promotes fatty acid synthe-
sis and storage. In situations where energy is required, glucagon and epinephrine 
inhibit the activity of PP2A, leading to prevention of ACC activation and blocking 
of fatty acid synthesis.

In longer-term regulation, de novo lipogenesis is nutritionally regulated, and 
recently it has been discovered that both glucose and insulin signaling pathways are 
involved, in response to dietary carbohydrates, to synergistically induce glycolytic 
and lipogenic gene expression (Figure 1.4) and not insulin alone (Denechaud et al., 
2008). Insulin acts by activating SREBP-1c, an important transcription factor that 
regulates a number of genes promoting lipogenesis. SREBP-1c is synthesized as a 
precursor in the membranes of the endoplasmic reticulum and requires posttransla-
tional modification to produce a transcriptionally active nuclear form. Thus, insulin 
promotes the synthesis and posttranslational modification/maturation of SREBP-1c, 
which subsequently enhances the expression of lipogenic genes, such as acetyl 
CoA carboxylase, fatty acid synthase, and stearoyl-CoA desaturase-1 (Foufelle and 
Ferré, 2002). It has been identified that SREBP-1c alone cannot cause the activa-
tion of glycolytic and lipogenic gene expression in response to dietary carbohydrate 
because studies in SREBP-1c gene deletion mice only led to a 50% reduction in 
fatty acid synthesis (Liang et al., 2002; Denechaud et al., 2008). Also, it has been 
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shown that the activity of l-pyruvate kinase, one of the rate-limiting enzymes of 
glycolysis, is entirely under the control of glucose (Decaux et al., 1989) and not 
under SREBP-1c regulation (Stoeckman and Towle, 2002). The nature of the glu-
cose-signaling compound was not known until recently and has been identified to be 
a glucose-responsive transcription factor named ChREBP (Yamashita et al., 2001; 
Uyeda and Repa, 2006). ChREBP is a large protein of nearly 100 kDa (864 amino 
acids) having several domains such as a nuclear localization signal near the N ter-
minus, polyproline domains, a basic loop-helix-leucine zipper, and a leucine-zipper-
like domain (Postic et al., 2007; Denechaud et al., 2008). Thus, glucose acts through 
its intermediate, xylulose 5-phosphate (X5P) (from the nonoxidative branch of the 
pentose phosphate pathway), to cause the activation of the enzyme PP2A, which 
subsequently activates ChREBP via dephosphorylation where it now moves from the 
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FIGURE 1.4  Under high glucose concentration, xylulose 5-phosphate, an intermediate of 
the nonoxidative branch of the pentose phosphate pathway, stimulates the enzyme protein 
phosphatase 2A to cause the activation of ChREBP via double dephosphorylation (i.e., before 
and after entry into the nucleus). Activated ChREBP then binds to the ChoRE binding site 
of its promoter gene, in the nucleus leading to transcriptional activation of lipogenic genes. 
Insulin also activates the proteolytic maturation of SREBP-1c in the endoplasmic reticulum 
and its attachment to the sterol regulatory element (SRE) binding site of its promoter gene, 
causing an increase in lipogenic gene expression. Polyunsaturated fatty acids inhibit lipo-
genesis by (1) reducing SRE gene transcription and increasing the proteolytic degradation 
of mRNA SREBP-1C (Jump et al., 2005) and (2) inhibiting ChREBP nuclear translocation 
(Dentin et al., 2006). ChREBP, carbohydrate responsive element-binding protein; ChoRE, 
carbohydrate responsive element; SREBP-1c, sterol regulatory element–binding protein 1c.
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cytosol into the nucleus, where through another dephosphorylation cycle by PP2A it 
allows ChREBP to bind to the carbohydrate responsive element (ChoRE) present in 
the promoter regions of glycolytic and lipogenic genes (Ishii et al., 2004; Postic et 
al., 2007) (Figure 1.4). Therefore, in excess carbohydrate (i.e., when liver glycogen 
storage is full to capacity), the liver converts glucose to fat to control blood glucose 
and prevent hyperglycemia.

1.4 �S ummary Points

The liver plays a central role in many metabolic processes to address the energy 
needs of the body (Figure 1.5).

Liver glucose is stored as glycogen (via glycogenesis) from high dietary carbohy-
drate under the influence of insulin; glucose release from glycogen (via glycogenoly
sis) occurs via glucagon stimulation when the blood glucose concentration falls, 
whereas insulin inhibits this process.

When glycogen stores are exhausted (e.g., during starvation), the liver synthesizes 
glucose from other carbohydrate sources such as lactate and glycerol through the 
pathway gluconeogenesis. This is under the control of hormones, such as glucagons, 
and substrate availability.

Fatty acids are either oxidized via β oxidation to generate energy or stored as 
triglycerides by the liver. Fatty acid oxidation is enhanced by fatty acid availability, 
which triggers PPARα to increase expression of the enzymes involved in this path-
way and possibly also by glucagon, but oxidation is inhibited by insulin.
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Fatty acids can also be synthesized in the cytosol by the liver from nonlipids such 
as glucose via de novo lipogenesis. Besides hormonal regulation (e.g., by insulin), 
this pathway is also activated by glucose via ChREBP and insulin via SREBP-1c.
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2.1 �R esponse of the Liver to a Glucose Load

The liver is known to play an important role in the disposal of a glucose load, but 
exact measurements of the liver’s contribution in humans is hampered by meth-
odological and ethical concerns regarding portal vein blood sampling under most 
conditions. Human studies using splanchnic balance measurements and tracer tech-
niques indicate that the liver disposes approximately 25–35% of an oral glucose load 
(Ferrannini et al., 1985; Mari et al., 1994). Direct assessment of net hepatic glucose 
uptake (NHGU) during oral or enteral delivery of glucose in the dog has yielded data 
remarkably consistent with estimates from the human (Ishida et al., 1983; Moore et 
al., 1991). The canine liver accounted for the disposition of 25–40% of the admin-
istered glucose, with the exact percentage being largely determined by the load of 
glucose and insulin reaching the liver.
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2.1.1 �E nteral or Intraportal Glucose Delivery: The Portal Signal

Peripheral venous glucose infusion, even in the presence of marked hyperinsuline-
mia and hyperglycemia, does not result in as high a rate of NHGU as the infusion 
of a similar amount of glucose via the hepatic portal vein (Moore et al., 2000). The 
ability of combined changes in insulin and glucose to cause greater hepatic glucose 
uptake when they are associated with oral glucose delivery led DeFronzo et al. (1978) 
to propose the existence of a gut factor that augments NHGU after administration of 
an oral glucose load. However, several independent investigations in dogs produced 
hyperglycemia via an intraportal glucose infusion that mimicked the absorption of 
oral glucose. In these studies, NHGU was not different after intraportal and oral 
glucose entry, ruling out a gut factor and strongly suggesting that the liver responds 
differently to portally delivered glucose than it does to peripherally delivered glu-
cose. Studies in which pancreatic hormone concentrations and the load of glucose 
reaching the liver were maintained equivalent with the two delivery routes conclu-
sively demonstrated that entry of glucose into the portal vein significantly stimu-
lated NHGU and hepatic glycogen synthesis, in comparison to glucose delivery via 
a peripheral vein (Figure 2.1A and B) (Myers et al., 1991b; Pagliassotti et al., 1996). 
The rate of NHGU during portal glucose infusion was determined to be inversely 
related to the magnitude of the arterial-portal (A-P) vein glucose gradient (Figure 
2.1C). Thus, a “portal signal,” rather than a gut factor, is responsible for enhancement 
of NHGU during oral, enteral, or portal venous glucose delivery.

The effects of the portal signal are not limited to the liver. One study conducted 
in the mouse indicated that portal glucose delivery at a rate similar to that of basal 
endogenous hepatic glucose output stimulated whole body glucose disposal suffi-
ciently to induce hypoglycemia (Burcelin et al., 2000). Portal glucose delivery in 
this model increased glucose uptake by the heart, brown adipose tissue, and soleus 
muscle, but not the liver. However, these data could not be replicated in the mouse 
by other investigators (Chueh et al., 2006), and virtually all data demonstrate that 
the portal signal does not enhance whole body glucose clearance (e.g., Pagliassotti 
et al., 1996; Vella et al., 2002). Instead, nonhepatic glucose uptake, especially that in 
skeletal muscle glucose, is suppressed in the presence of the portal signal (Galassetti 
et al., 1998). As a result of its reciprocal actions, the portal signal ensures that a glu-
cose load is appropriately distributed between the skeletal muscle, the liver, and the 
other tissues of the body.

Although the portal signal has been demonstrated to operate in species other than 
the dog, the importance of the route of glucose delivery in humans has been more 
difficult to evaluate because of the inability to catheterize the portal vein and the dif-
ficulty in controlling the insulin and glucagon levels reaching the liver. Intraduodenal 
glucose enhanced hepatic glucose extraction by 40–125% over that evident during 
peripheral intravenous (IV) glucose infusion in a human study in which a pancreatic 
clamp was used to fix the insulin and glucagon concentrations (Vella et al., 2002). 
Whole body glucose kinetics in humans did not differ between IV and intraduodenal 
glucose delivery (Fery et al., 2001), consistent with findings in the mouse and dog 
(Chueh et al., 2006; Pagliassotti et al., 1996). In summary, evidence strongly sug-
gests that the portal signal functions in humans, but definitive data are unavailable.
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2.1.2 � Mediators of the Portal Glucose Signal

2.1.2.1 �H umoral Mediators
The mediator or mediators of the portal signal are unclear as yet, but possible can-
didates are humoral agents and/or neural networks. Lautt (2004) hypothesized that 
whole body insulin sensitivity, particularly that of the skeletal muscle, is modulated 
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the presence of physiological (A) plasma insulin concentrations and (B) hepatic glucose loads, 
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of the negative A-P gradient (the amount that the portal vein concentration exceeds that in 
the artery), up to ≈1 mmol/l. Data are mean ± SEM, n = 6–7/group. The line of best fit for the 
data in each plot is shown. (Panels A and B are from Myers, S. R., Biggers, D. W., Neal, D. W.,  
et al., J Clin Invest, 88, 158–167, 1991; Myers, S. R., McGuinness, O. P., Neal, D. W.,  
et al., J Clin Invest, 87, 930–939, 1991. With permission. Data from panel C is derived from 
Pagliassotti, M. J., Myers, S. R., Moore, M. C., et al., Diabetes, 40, 1659–1668, 1991.)
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by the hepatic insulin sensitizing substance (HISS), a humoral factor released by 
the liver after the generation of nitric oxide (NO) in response to parasympathetic 
signaling in the presence of hyperinsulinemia. Most studies on HISS actions have 
been carried out in the euglycemic state, when the liver plays little role in glucose 
disposal. However, NHGU in dogs during a hyperinsulinemic hyperglycemic clamp 
in the presence of the portal signal was significantly reduced by intraportal infusion 
of the NO donor 3-morpholinosydnominine (SIN-1) (An et al., 2008). Conversely, 
NHGU was stimulated by intraportal infusion of the NO synthase inhibitor Nω-nitro-
l-arginine methyl ester under hyperinsulinemic hyperglycemic conditions during 
peripheral glucose delivery (Moore et al., 2008). Murine studies suggested that  
glucagon-like peptide 1 (GLP-1) might mediate the portal signal (Burcelin et al., 
2001), but this is unlikely, given that portal glucose infusion does not stimulate the 
release of GLP-1 (Johnson et al., 2007).

2.1.2.2 �N eural Mediators
Both the sympathetic and parasympathetic nervous systems are involved in regula-
tion of hepatic glucose metabolism (Shimazu, 1987). Complete surgical denervation 
of the liver blocked the enhancement of NHGU during portal glucose infusion in 
the dog (Adkins-Marshall et al., 1992), and hepatic vagotomy in the rat reduced 
hepatic glucose uptake and glycogen accumulation during portal glucose infusion 
by 40% and 55%, respectively (Matsuhisa et al., 2000). Afferent signals from the 
hepatoportal region are conducted to the hypothalamus by the vagus nerve, with 
the afferent firing rate in the hepatic branch of the vagus being inversely propor-
tional to the d-glucose concentration in the portal vein (Niijima, 1982). Whether the 
vagus nerve carries the afferent limb of the portal signal, however, is as yet unclear. 
Cooling the vagus nerves to halt neural firing did not inhibit the response to the por-
tal signal in dogs (Cardin et al., 2004), and bilateral cervical vagotomy in rats did not 
prevent changes in firing in lateral hypothalamic neurons in response to portal glu-
cose injection (Schmitt, 1973). Other pathways could be responsible for communi-
cating data regarding hepatoportal glucose levels to the brain, including splanchnic 
(Schmitt, 1973) or spinal (Berthoud, 2004) afferents. Alternative possibilities for the  
mediation of the portal signal include an intrahepatic reflex, as suggested by studies 
in the neurally isolated liver (Niijima, 1984; Stumpel and Jungermann, 1997), and/or  
a spinal reflex, analogous to that reported to stimulate hepatic glucose output in 
hypoglycemia (Fujita et al., 2007).

An efferent neural pathway for the actions of the portal signal also remains unde-
fined. Atropine blocked the effect of the portal glucose signal in the perfused rat 
liver (Stumpel and Jungermann, 1997), although results from cultured hepatocytes 
indicate that acetylcholine is permissive of insulin action but is unlikely to bring 
about the marked, rapid effects of the portal signal (Hampson and Agius, 2007). 
Thus, the parasympathetic nervous system, or at least acetylcholine, seems unlikely 
to be involved in the enhancement of NHGU by the portal glucose signal. Selective 
hepatic sympathectomy enhanced NHGU approximately 70% during IV glucose 
infusion but did not affect NHGU during portal glucose infusion, suggesting that 
the sympathetic innervation might exert a tonic inhibition of glucose uptake that 
is relieved by portal glucose delivery (Dicostanzo et al., 2006). The liver contains 
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nitrergic nerves, and modulation of hepatic NO levels alters NHGU, as discussed 
above. Thus, the release of NO by these nerves might also be involved in the regula-
tion of NHGU.

The pathway or pathways bringing about the nonhepatic response to the portal 
signal also remain undefined. Electrical stimulation of the ventromedial hypothala-
mus enhances muscle glucose uptake, an effect that can be prevented with sympa-
thetic blockade (Minokoshi et al., 1994). In addition to receiving neural signals from 
the periphery, the hypothalamus is sensitive to circulating hormones and substrates, 
including insulin and glucose (Perrin et al., 2004; Schmitt, 1973). Both insulin and 
glucose modulate the phosphorylation of cerebral AMP-activated protein kinase 
(AMPK), which can play a role in the regulation of muscle glucose disposal (Perrin 
et al., 2004). Thus, although numerous possibilities exist in regard to the identities of 
the afferent and efferent limbs associated with the portal glucose signal, it is unclear 
at present which are key to the response.

2.2 �H epatic Protein Metabolism: Effect 
of Dietary Amino Acids

The splanchnic bed (liver and gastrointestinal tract) accounts for 25% of whole body 
protein synthesis (Barle et al., 1997). Dietary amino acids (AAs) are the preferential 
source of substrate for small intestine and hepatic protein synthesis, and AA uptake 
by the liver is tightly coupled to the gastrointestinal release of AAs. The dietary 
requirements for lysine, methionine, leucine, valine, isoleucine, and threonine in 
piglets (based on the indicator AA oxidation technique) are lower with total paren-
teral nutrition than with enteral nutrition (Burrin and Davis, 2004), demonstrating 
the increased demand for AAs by the digestive tract, pancreas, and liver in orally or 
enterally fed animals.

2.2.1 �AA  Availability and AA Signaling

A number of studies in healthy humans indicate that increasing AA levels result in 
an increase in albumin and/or splanchnic protein synthesis and a decrease in hepatic 
protein breakdown (e.g., Nygren and Nair, 2003). However, in other human (Ballmer 
et al., 1995) and animal (e.g., Mosoni et al., 1993) investigations, no effect of AA 
delivery on hepatic protein synthesis has been observed, leading to the suggestion 
that most of the AAs extracted by the liver undergo catabolism or are involved in sup-
pressing tissue catabolism (Mosoni et al., 1993). The discrepant results likely reflect 
the differences in experimental design, as the studies varied in numerous respects, 
including the route of AA delivery (oral/enteral vs. IV), circulating AA concentra-
tions, postprandial versus postabsorptive conditions, and insulin concentrations. Few 
of the reports included glucagon concentrations; when glucagon was reported, it dif-
fered among treatments (Nygren and Nair, 2003). Despite the conflicting results in 
vivo, AA levels comparable to postprandial portal blood concentrations stimulated 
synthesis of 16 specific liver proteins, including albumin, in isolated hepatocytes 
(Jaleel and Nair, 2004).
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Protein synthesis, or mRNA translation, is a highly complex process requiring 
a number of initiation and elongation factors extrinsic to the ribosome. The mam-
malian target of rapamycin complex 1 (mTORC1) is a protein kinase that directly 
or indirectly controls the activity of several of the initiation and elongation factors 
(Kimball and Jefferson, 2006). mTORC1, in turn, is regulated by multiple inputs, 
including hormonal changes and nutrient (amino acids) availability (Figure 2.2). 
Branched-chain AAs, particularly leucine, are especially important regulators of 
mTORC1.

2.2.1.1 � Protein Synthesis and the Route of AA Delivery
Concomitant intraportal glucose and AA infusions resulted in a blunting of NHGU, 
in comparison to glucose delivered without AAs (Moore et al., 1998). The data fur-
ther suggested that AA utilization for protein synthesis might be increased by portal 
AA delivery. This raised the question of whether intraportally delivered AAs might 
generate a signal, similar to the portal glucose signal, that would stimulate their 
uptake and utilization by the liver.

The rate of hepatic protein synthesis was quantified in the conscious dog during 
portal or peripheral delivery of an AA mixture that reproduced the normal elevation 
of AAs in the portal vein in the postprandial state (Dardevet et al., 2008). Insulin and 
glucagon were clamped at normal physiological postprandial levels, that is, fourfold 
and threefold basal, respectively, and glucose was infused via peripheral vein to 
maintain the hepatic glucose load 50% above the fasting level. In one group, a mix-
ture of 20 AAs was infused intravenously to maintain postabsorptive plasma AA lev-
els, since hyperinsulinemia normally brings about a drop in AA concentrations, and 

mTORC1

mRNA translation

AMPK

Glucagon

Amino
acids

Glucocorticoids

TSC2
TSC1

Insulin

PI-3K

Akt

FIGURE 2.2  Signaling through the mammalian target of rapamycin complex 1 (mTORC1). 
mTORC1 is involved in the regulation of anabolic processes such as mRNA translation and 
cell growth. In turn, the activity of mTORC1 is impacted by a number of factors, including 
nutrient availability [i.e., amino acids (AAs), particularly leucine], pancreatic hormones, and 
glucocorticoids. Dotted lines indicate multistep processes with intermediate steps omitted. 
Akt is also known as protein kinase B (PKB). TSC, tuberous sclerosis complex (or tuberin-
hamartin). AMPK, AMP-activated protein kinase.
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in two other groups, the mixture was infused either intravenously or intraportally to 
increase the hepatic load of each AA approximately twofold basal, mimicking post-
prandial concentrations. Although the hepatic AA loads were well matched in the 
latter two groups, the net hepatic uptakes of most AAs were significantly greater dur-
ing portal AA infusion (Figure 2.3). Synthesis of both albumin and resident hepatic 
proteins was enhanced by portal AA delivery. A negative A-P AA gradient (portal 
vein concentration greater than that in the artery) was most closely associated with 
enhancement of protein synthesis (Figure 2.4).
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FIGURE 2.3  Net hepatic uptake of AAs is increased by intraportal AA delivery. Conscious 
dogs were studied during a pancreatic clamp, with insulin and glucagon infused at fourfold 
and threefold basal rates, respectively, and the hepatic glucose load increased to 1.5-fold basal 
by peripheral glucose infusion. A mixture of 20 AAs was delivered via a peripheral vein or 
the hepatic portal vein to maintain euaminoacidemia (EuAA) or to increase the hepatic load 
of each AA twofold basal via peripheral (PeAA) or portal vein (PoAA) infusion (top panel). 
Net hepatic uptakes of most AAs, including leucine, valine, and isoleucine, were enhanced 
during portal AA infusion (bottom panel). Bars with the same letters are not significantly dif-
ferent from each other. Data are mean ± SEM, n = 9/group. (From Dardevet et al., Am J Clin 
Nutr, 88, 986–996, 2008. With permission.)
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2.2.1.1.1 � Portal AA Signal: Potential Neural Involvement
An “amino acid signal” resulting from dietary or portal delivery of AAs and impact-
ing hepatic protein metabolism could be neurally mediated. Hepatoportal sensors for 
at least 15 different AAs modulate the afferent firing rate of the hepatic branch of 
the vagus nerve (Niijima and Meguid, 1995). Moreover, the syntheses of transferrin 
(Watanabe et al., 1990) and tyrosine transferase (Black and Reis, 1971a, 1971b) by 
the liver are neurally regulated. Either hepatic branch vagotomy or selective hepatic 
sympathetic denervation retards liver regeneration after partial hepatectomy in the 
rat (Sakaguchi and Liu, 2002; Xia et al., 2006). Regulation of protein synthesis in 
liver and muscle is similar in many respects, and neural stimuli in muscle can modu-
late signaling through mTORC1 (e.g., Thomson et al., 2008). Thus, there is evidence 
for neural control of protein synthesis, but the role of the autonomic nervous system 
remains incompletely defined.
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FIGURE 2.4  Hepatic protein synthesis is stimulated by portal AA delivery. The fractional 
synthetic rates (Ks) of albumin (top panels) and resident liver proteins (bottom panels) were 
significantly increased by portal AA delivery. This was not due to differences in the total 
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presence of a negative A-P AA gradient (right panels). Data are mean ± SEM, n = 9/group. 
EuAA, AA infused via peripheral vein to maintain euaminoacidemia; PeAA and PoAA, AAs 
infused via peripheral and portal vein, respectively, to increase the hepatic load of each AA 
twofold. (Data derived from Dardevet et al., Am J Clin Nutr, 88, 986–996, 2008.)
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2.3 � Portal Vein Lipids: Impact on Hepatic 
and Whole Body Metabolism

The liver is the site of formation of very low density lipoproteins (VLDLs), the syn-
thesis of which is determined in part by the supply of substrates—triglycerides, free 
fatty acids (FFAs), and cholesterol ester. FFA concentrations normally fall during 
the postprandial period, and splanchnic and net hepatic FFA uptakes decline corre-
spondingly. However, FFA concentrations in individuals with type 2 diabetes remain 
higher than in nondiabetic controls (Reaven, 2005).

Elevated circulating FFA impair insulin-mediated suppression of endogenous glu-
cose production under euglycemic conditions (Homko et al., 2003). Interestingly, the 
reduction in net splanchnic glucose uptake after glucose or meal ingestion observed 
in patients with type 2 diabetes is primarily due to an increase in splanchnic glucose 
output, relative to that in normal volunteers, rather than to an impairment of splanch-
nic glucose uptake (Ludvik et al., 1997; Woerle et al., 2006). Therefore, the effect of 
preventing the normal postprandial decline in FFAs on hepatic glucose disposal was 
examined (Moore et al., 2004). When dogs were studied during a hyperinsulinemic 
hyperglycemic clamp in the presence of the portal signal, infusion of a lipid emul-
sion to prevent the normal fall in FFAs reduced NHGU by more than 50% (Figure 
2.5), and this was due almost entirely to impaired suppression of endogenous glucose  
Ra, and not a defect in hepatic glucose uptake. Both hepatic glucose oxidation  
and hepatic glycolysis were reduced during lipid infusion (Figure 2.5), however,  
and as a consequence, glycogen synthesis was not suppressed in the presence of 
elevated FFAs.

2.3.1 �V isceral and Intraportal Lipid and the Liver

Visceral adipose tissue releases FFAs into the portal vein, and suppression of lipoly-
sis in the visceral adipose is poorly responsive to insulin. Visceral adiposity has 
been implicated in the development of inflammation and steatohepatitis (reviewed 
by Schäffler et al., 2005). Omentectomy at the time of adjustable gastric banding 
in humans was associated with improved insulin sensitivity 2 years later, compared 
with gastric banding alone (Thorne et al., 2002). In Zucker fatty rats, omentectomy 
at the time of gastric banding did not reduce body weight, insulin resistance, or 
plasma glucose or triglyceride concentrations 8 weeks later, in comparison to gastric 
banding alone; however, it significantly decreased plasma FFA levels and increased 
adiponectin mRNA expression in visceral adipose tissue, suggesting that lipolysis 
was reduced (Endo et al., 2008).

Chronic intraportal infusion of a lipid emulsion (3 hours a day for 15 days) dur-
ing the early postprandial period induced insulin resistance both at the liver and 
in the adipose tissue in dogs but did not increase liver triglyceride content (Everett 
et al., 2005). Findings in the dog are in general agreement with those from indi-
viduals with type 2 diabetes and normal volunteers receiving a mixed meal (Woerle 
et al., 2006). Neither the basal nor the postprandial FFA concentrations differed 
between the two groups in that investigation. However, over the first 90 min of the 
postprandial period, FFAs declined significantly more slowly in the diabetic group. 
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hepatic lactate output (bottom panel). Data are mean ± SEM, n = 7–8/group. *p < .05 for NA +  
lipid versus NA. (Derived from data of Moore et al., Diabetes, 53, 32–40, 2004.)
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Tracer-determined splanchnic glucose uptake did not differ between the groups, but 
endogenous glucose Ra was significantly less suppressed in the diabetic group, and 
therefore, net splanchnic glucose uptake was impaired.

The splanchnic tissues apparently play an important role in the postprandial regu-
lation of plasma lipid concentrations. Insulin-resistant men had greater postprandial 
lipemia than age- and BMI-matched insulin-sensitive men, due to increased VLDL, 
rather than chylomicron, triglyceride (Hodson et al., 2007). In addition, the splanch-
nic tissues were the largest source of substrate for VLDLs in insulin-resistant men. 
Only ≈4% of the fatty acids incorporated into VLDLs were derived from dietary 
fat in either group. Rapid flux of fatty acids into and out of the liver occurs in the 
postprandial period, and the liver may buffer the remainder of the body from acute 
changes in FFA concentrations (Ravikumar et al., 2005).

2.4 � Practical Applications

Under normal conditions, the liver plays a significant role in disposing of orally or 
enterally delivered carbohydrate and, therefore, in limiting postprandial hypergly-
cemia. Hepatic glucose uptake is reduced in impaired glucose tolerance or diabe-
tes (Basu et al., 2000), however, and postprandial hyperglycemia contributes to the 
development and progression of cardiovascular disease. The relative insulin resis-
tance of lipolysis, particularly that of the visceral adipose tissue, in individuals with 
prediabetes and diabetes likely explains at least part of the impairment in liver glu-
cose uptake. Not only carbohydrate metabolism, but also protein synthesis, is altered 
in type 2 diabetes and obesity (Pereira et al., 2008). Thus, it is important to under-
stand the factors that promote hepatic glucose uptake, glycogen storage, and protein 
anabolism under normal conditions in order to design appropriate interventions for 
those with alterations in metabolism. Recognition of the importance of the route of 
nutrient delivery for normal hepatic metabolism is also of key importance in design-
ing nutrition support regimens for those individuals with impaired ability to ingest, 
digest, or assimilate feedings.

2.5 �S ummary Points

The unique position of the liver gives it early exposure to absorbed nutrients, as well 
as to lipids released from visceral adipose tissue. This allows various substrates to 
modulate hepatic nutrient metabolism in a number of important ways.

Hepatic glucose extraction is enhanced by enteral or intraportal glucose delivery, 
which reduces the glucose that must be disposed of in the peripheral tissues and 
enhances hepatic glycogen synthesis.

AAs reaching the liver via the portal vein stimulate hepatic protein synthesis, in 
comparison to AAs administered intravenously.

Elevated lipid concentrations in the portal circulation may impair both hepatic 
and peripheral insulin sensitivity.

The route of delivery—portal versus peripheral vein—is an important determi-
nant of nutrient disposition in both hepatic and extrahepatic tissues.
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Malnutrition is a common finding in liver cirrhosis, and protein energy malnutri-
tion may be present in 20% of patients with well-compensated disease and in more 
than 60% of patients with severe liver insufficiency.1 See Table 3.1 for general facts 
regarding malnutrition in liver cirrhosis. Many mechanisms are involved in the 
pathogenesis of malnutrition, and the two main factors are insufficient dietary intake 
and anorexia.2 In patients with end-stage liver disease, protein-calorie malnutrition 
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is almost universal. The presence of protein-calorie malnutrition has been associ-
ated with adverse outcomes in patient and graft survival after liver transplantation.1 
The association of protein-calorie malnutrition with adverse outcomes has increased 
the importance of identifying reliable and cost-effective methods for assessing the 
nutritional status of patients with end-stage liver disease. Unfortunately, traditional 
methods of measuring nutritional status (including plasma levels of hepatically syn-
thesized plasma proteins, total lymphocyte count, delayed type hypersensitivity, and 
anthropometrics) are confounded by the changes in metabolism, body composition, 
and immune function that occur in liver disease independent of nutritional status.

In this chapter, we shall describe the changes in body composition occurring in 
liver cirrhosis, the results of the different methods for assessing these changes, and 
the impairment in nutritional status with the purpose of showing the most suitable 
methods for detecting malnutrition in clinical practice.

3.1 � Changes in Body Composition in Liver Cirrhosis

The two most important metabolic and nutritional body compartments are the 
body cell mass and body fat stores. Bone mineral is considered as a third com-
partment. The body cell mass represents the oxygen-exchanging, glucose-oxidizing, 
and work-performing tissue and is the best reference for expressing rates of meta-
bolic processes. It is principally composed of muscle and viscera and is therefore an  
excellent nutritional parameter because these tissues are affected by periods of nutri-
tional deprivation. Body fat has several minor functions including insulation and  

TABLE 3.1
Key Facts of Malnutrition in Liver Cirrhosis
1. � Malnutrition is a common finding in liver cirrhosis and may be present in 20% of patients with 

well-compensated disease and in more than 60% of patients with severe liver insufficiency.

2. � Many mechanisms are involved in the pathogenesis of malnutrition: The main factor is insufficient 
dietary intake.

3. � Malnutrition has a prognostic value and is associated with adverse outcomes in patient and graft 
survival after liver transplantation.

4. � The assessment of nutritional status is difficult in cirrhotic patients owing to confounding factors 
related with liver failure.

5. � Anthropometry, measurement of muscle strength, and composite score are simple, inexpensive, and 
reliable methods in assessing nutritional status.

6. � Nutritional status should be assessed in every patient with chronic liver disease to recognize 
malnutrition and prevent nutritional depletion in hospital.

7.  Assessment of dietary intake has a considerable importance in management of nutritional support.

8. � Nutritional support is achievable using oral route with supplements or artificial feeding, mainly 
enteral feeding.

Note:	 This table lists the key features of malnutrition in liver cirrhosis including the prevalence of mal-
nutrition, the consequences of malnutrition, the most suitable methods for assessing nutritional 
status, and the management of malnutrition.
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mechanical padding. However, its principal function is to provide a reservoir of 
energy. Some studies using reference methods such as total body and extracellular 
water measurements by deuterium oxide and bromide dilution techniques, neutron 
activation analysis, and total body potassium index have shown increased total body 
and extracellular water, decreased total body protein, body cell mass, and fat mass in 
cirrhotic patients. Impairment in body composition parallels the severity of liver fail-
ure, but increased total body and extracellular water as well as depletion in protein 
stores are found in nonascitic patients with a preserved liver function.3–5 Although 
these methods give an accurate analysis of body composition, they are not available 
for routine assessment of nutritional status. Therefore, use of more simple and less 
expensive tools is required for detection of malnutrition in clinical practice.

3.2 �A ssessment of Nutrition Status in Clinical Practice

3.2.1 �A nthropometry

3.2.1.1 � Mid-Arm Circumference and Triceps Skinfold Thickness
The two measurements are easy to make. The first reflects muscle mass and the 
second body fat. Mid-arm muscle circumference (MAMC) is derived from mid-arm 
circumference (MAC) and triceps skinfold thickness (TST) = MAMC (cm) = MAC 
(cm) - p ´ TST (cm).

MAC is usually measured with a spring tape at a point between the tip of acromion 
and the ulnar process with the arm hanging vertically and the forearm supinated. 
TST can be measured with a skinfold caliper (the Harpenden or the Holtrain caliper 
is recommended). Skinfold thickness can be measured at three other sites: subscapu-
lar, biceps, and suprailiac. The relations between the sum of the four skinfold thick-
nesses and the percentage of body fat derived from density can be calculated from 
regression equations according to Durnin and Womersley.6 However, these equations 
are not validated in cirrhotic patients. Local standards are recommended for interpre-
tation of measurements. Because they are not available everywhere, measurements 
made on large numbers of U.S. citizens 30 years ago are usually used.7,8 Sex and age 
of the patients must be taken into account for interpretation of measurements. Values 
of MAMC or TST below the fifth percentile of a reference population are considered 
as severely altered and those below the 10th percentile as moderately altered.

A number of studies have assessed nutritional status in cirrhotic patients using 
MAMC and TST or upper mid-arm muscle area and upper mid-arm fat area mea
surements.9–11 Impairment of nutritional status parallels the severity of liver failure.  
Male subjects are characterized by a depleted muscle mass, whereas fat mass is 
reduced to a greater extent in female patients. The study including the largest num-
ber of patients has shown that about 50% of male Child C cirrhotic patients have 
a severely reduced muscle mass, whereas 40% of female Child C patients have a 
severely reduced fat mass (Figure 3.1). Prevalence of malnutrition may be higher in 
hospitalized patients.11 Furthermore, altered nutritional status assessed by reduced 
MAMC and TST have a prognostic value: patients with reduced MAMC and TST 
measurements have a lower survival rate when compared to normal and overnour-
ished patients. The prognostic power of MAMC is higher than that of TST.9
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The limitations of anthropometric measurements are the presence of edema at 
the upper extremities, which is seldom observed, and the intraobserver and inter
observer variability. Thus, measurements by a trained observer are recommended, 
and if measurements are made by several observers, reproducibility of measure-
ments must be tested among them. When these conditions are respected, anthropom-
etry based on the measurement of MAMC and TST is a reliable bedside method to 
assess nutritional status in patients with liver cirrhosis, especially in epidemiological 
studies including a large number of patients.

3.2.1.2 �B ody Mass Index
Body weight, change in body weight, and body mass index (BMI) are the most sim-
ple parameters to assess nutritional status; however, it is admitted that fluid retention 
and ascites preclude their interpretation in cirrhotic patients. Campillo et al.12 have 
shown in a large series of cirrhotic patients that BMI was dependent on nutritional 
status and ascites. BMI decreased with impairment in nutritional status, whereas the 
prevalence of tense ascites increased. Therefore, BMI could have acceptable value 
in the diagnosis of malnutrition provided that adequate cutoff values are defined 
according to the presence of ascites: optimal cutoff values were 22 in nonascitic 
patients, 23 in patients with mild ascites, and 25 in patients with tense ascites with 
sensitivities and specificities ranging from 86% to 90% and areas under the ROC 
curves (AUROC) ranging from 0.783 to 0.863 (Figure 3.2).
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FIGURE 3.1  Prevalence of malnutrition in cirrhotic patients. Percentage of male and female 
patients with cirrhosis with a reduction in mid-arm muscle area (MAMA) and mid-arm fat 
area (MAFA) below the fifth percentile of standard for an age- and sex-matched healthy 
population.10 (From Italian Multicentre Cooperative Project on nutrition in liver cirrhosis.  
J Hepatol, 21, 317–325, 1994. With permission.)
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FIGURE 3.2  Receiver operator characteristics (ROC) curves for the diagnosis of malnu-
trition and severe malnutrition according to the presence of ascites. Areas under the ROC 
curves (AUROC) (95% confidence interval) for the diagnosis of severe malnutrition and 
malnutrition were 0.854 (0.801–0.907) and 0.783 (0.732–0.834) in nonascitic patients, 0.806 
(0.749–0.862) and 0.822 (0.767–0.877) in patients with mild ascites, and 0.843 (0.796–0.890) 
and 0.863 (0.804–0.922) in patients with tense ascites, respectively. Comparisons of AUROC 
in each group showed that there was a significant difference for the diagnosis of malnutrition 
and severe malnutrition in nonascitic patients (p = .016), but not in the other two groups.
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3.2.2 �T he 24-Hour Urinary Creatinine Approach

The 24-hour urinary creatinine approach is the most common chemical method of 
estimating whole body muscle mass in humans. It is based on the assumptions that 
creatine is almost totally within the skeletal and smooth muscle and in a constant 
concentration per kilogram of muscle, creatine is converted irreversibly to creatinine 
at a constant daily rate and creatinine undergoes renal excretion at a constant rate. 
In healthy subjects, the rate of limiting step of creatine biosynthesis, the synthesis 
of guanidinoacetic acid from glycine and arginine, is predominantly located in the 
kidney. The next step of creatine biosynthesis, which is located in the liver (the trans-
methylation from S-adenosylmethionine to guanidinoacetate), could become rate 
limiting when reduced liver function of liver cell mass is present. Pirlich et al.13 have 
shown that renal dysfunction, but not reduced liver function, systematically affects the 
urinary creatinine method for the estimation of skeletal muscle mass in cirrhosis.

3.2.3 �A ssessment of Muscle Strength

Muscle wasting in liver cirrhosis is related to reduced protein intake, decreased 
muscle protein synthesis, increased myofibrillar degradation, and physical inactivity 
associated with severe liver disease. Muscle strength has been studied in patients with 
alcoholic liver cirrhosis, and it has been shown that muscle weakness is related to the 
severity of malnutrition but not to the severity of liver disease, duration of alcohol 
abstinence, or neuropathy.14 Measurement of handgrip strength has the advantage of 
being simple, quick to perform, inexpensive, and noninvasive. In patients with end-
stage liver disease, handgrip strength is a sensitive marker of body cell mass deple-
tion, and a correlation of grip strength with morbidity and mortality in alcoholic 
hepatitis and postoperative morbidity has previously been reported. Serial measure-
ments of muscle function might be useful in assessing the nutritional status of these 
patients, both as a screening tool and for measuring response to therapy, because 
muscle function indices have been shown to improve with refeeding.15

3.2.4 � Bioelectrical Impedance Analysis

This is an indirect method of assessing body composition based on the resistance 
and reactance of the body to a small electrical current. Regression equations are 
devised, using the subject’s height, weight, age, and resistance and reactance to a 
known current, which are then used to calculate the subject’s total body water, fat 
free mass, and, by derivation, fat mass and percentage body fat. The technique is easy  
to perform and reproducible and provides valid assessments of body composition in 
healthy individuals and in disease states when hydration is constant. However, it is 
of little value for assessing body composition in patients whose state of hydration is 
variable, and the validity of bioelectrical impedance analysis (BIA) in patients with 
cirrhosis has been questioned because of erroneous estimates of body fluid com
partments. Pirlich et al.16 have shown that BIA is a valid tool for the assessment of 
protein malnutrition by the detection of reduced body cell mass in cirrhotic patients, 
especially in nonascitic patients. There was an excellent and highly significant cor
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relation between body cell mass estimated by BIA and body cell mass estimated by 
total body potassium in controls as well as in patients without ascites; the correla-
tion was lower in patients with ascites. In comparison with controls and nonascitic 
patients, the agreement was somewhat less strong in patients with ascites.16 Madden 
and Morgan17 have shown that BIA could not be used interchangeably with skin-
fold anthropometry for assessment of body fat percentage in patients with cirrhosis, 
regardless of their state of hydration, since there was considerable variation in indi-
vidual values such that measurements made using BIA could be from 9% less to 8% 
more than the corresponding anthropometric values. Another study18 has shown that 
bifrequency BIA (5 and 100 kHz) agrees with anthropometry to a greater extent than 
monofrequency (50 kHz) and may be useful for assessing change in nutritional status 
of cirrhotic patients.

3.2.5 �D ual-Energy X-Ray Absorptiometry

Dual-energy x-ray absorptiometry (DXA) is a precise, safe, and relatively inexpen-
sive tool of measuring body composition in humans. DXA is associated with a low 
radiation exposure and provides bone mineral as well as fat and lean tissue mass, 
and thus, body composition may be estimated according to the three-compartment 
model. Analysis of body composition by DXA has shown a significant reduction in 
percentage of body fat in cirrhotic patients. The reduction in percentage body fat is 
evident in female cirrhotic patients only, particularly in the trunk. In male cirrhotic 
patients, fat-free mineral-free mass is reduced in the whole body and the limbs. For 
both sexes and in each body segment bone mineral content and density are reduced. 
Percentage body fat can be evaluated by skinfold anthropometry or DXA with a 
difference of less than 5% in the majority of cirrhotic patients without overt fluid 
retention.19 The validity of DXA may be questionable in ascitic patients. However, it 
has been shown that paracentesis of ascites does not significantly change total and 
regional fat mass assessment by DXA.20

3.2.6 � Biological Parameters

All biological parameters used as nutritional assessment indices are influenced by 
numerous interacting factors. Circulating concentrations of many visceral proteins 
(albumin, transthyretin, retinol binding protein) are highly affected by the presence 
of liver disease, excessive alcohol, and inflammatory state. Immune status, which is 
often considered a functional test of malnutrition, may be affected by hypersplenism, 
abnormal immunologic reactivity, and alcohol abuse. Therefore, none of these 
parameters can be used as a reliable index of nutritional status in clinical practice in 
patients with liver cirrhosis.

3.2.7 � Subjective Global Assessment

The technique of subjective global assessment (SGA) uses clinical information col-
lected during history taking and physical examination to determine nutritional status 
without recourse to objective measurements. This method of assessment, which has 
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TABLE 3.2
Baylor University Medical Center Revised Subjective Nutrition Assessment 
Criteria for Adult Liver Transplant Candidates
I.  History

A.  Weight

      Height

      Current weight			   ___

      Pre-illness weight			   ___

      IBW				    ___

      Weight in past 6 months: 		     High  ___	 Low  ___

      Overall change in past 6 months:		  ___	

B.  Appetite

      1.  Dietary intake change—relative to normal. Appetite in past 2 wk

     	      Good  		  Fair       	 Poor     

      2.  Early satiety

     	      None  		  1–2 wk  	 > 2 wk  

      3.  Taste changes

     	      None  		  1–2 wk  	 > 2 wk  

C.  Current intake per recall

     	      Calories       ___		  Protein          ___

     	      Calorie needs  ___		  Protein needs  ___	

D.  Persistent gastrointestinal symptoms

      1.  Nausea

     	      None  		  1–2 wk  	 > 2 wk  

      2.  Vomiting

     	      None  		  1 wk    	 > 1 wk  

      3.  Diarrhea (loose stools, > 3/day)

     	      Number of stools per day  ___

     	      Consistency              ___

     	      None  		  1 wk    	 > 1 wk  

      4.  Constipation

     	      None  		  1–2 wk  	 > 2 wk  

      5.  Difficulty chewing

     	      None  		  1–2 wk  	 > 2 wk  

      6.  Difficulty swallowing

     	      None  		  1–2 wk  	 > 2 wk  

E.  Functional capacity

    	     ___ No dysfunction

    	     ___ Dysfunction

    	     ___ Weeks

    	     ___ Working suboptimally

    	     ___ Ambulatory

   	    ___ Bedridden
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TABLE 3.2 (continued)
Baylor University Medical Center Revised Subjective Nutrition Assessment 
Criteria for Adult Liver Transplant Candidates
II.  Physical

A.  Status of subcutaneous fat (triceps, chest)

            Good stores  		  Fair stores  	     Poor stores  

B.  Muscle wasting (quadriceps, deltoids, shoulders)

            None  		  Mild to moderate      Severe  

C.  Edema and ascites

            None  		  Mild to moderate      Severe  

III.  Existing conditions

A.  Encephalopathy

          None          Stage I–II     	  Stage III  	 Stage IV  

B.  Chronic or recurrent infection

            None  		  1 wk  		  > 1 wk  

C.  Kidney function

    	     ___ Good

    	     ___ Decreased (no dialysis)

    	     ___ Decreased (with dialysis)

D.  Varices

    	     ___ None

    	     ___ Varices (no bleeds)

    	     ___ Varices (with bleeds)

IV.  Subjective nutrition-assessment rating

      A.	 ___ Well nourished

      B.	 ___ Moderately (or suspected of being malnourished)

      C.	 ___ Severely malnourished

V.  Additional information

      A.	 History of diabetes mellitus _____________________

      B.	 Vitamin/mineral supplements ___________________

      C.	 Other dietary supplements _____________________

      D.	 Alcohol ____________________________________

      E.	 Current diet _________________________________

      F.	 Compliance to diet based on history ______________

      G.	 Food intolerances/allergies _____________________

      H.	 Drugs ______________________________________

Source: � From Hasse J., Strong, S., Gorman, M. A., and Liepa, G., Nutrition, 9, 339–343, 1993. With 
permission.

Note: � Subjective global assessment is an alternative test for assessing the nutrition status of adult liver 
transplant candidates with an overall fair to good interobserver reproducibility rate. Muscle wast-
ing and fat depletion were determined to be the strongest predictors of the final SGA rating. 
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been successfully used to assess nutritional status in general medical and surgical 
patients, shows good to excellent interobserver reproducibility and good convergent 
validity when compared with measured anthropometric variables. In patients with 
liver cirrhosis, Hasse et al.21 have shown that SGA has an overall fair to good inter-
observer reproducibility rate for assessing the nutrition status of adult liver transplant 
candidates, whereas Naveau et al.22 have cautioned against the use of SGA because 
the results do not accord with those obtained using anthropometry. SGA adapted for 
assessment of adult liver transplant candidate according to Hasse et al.21 is shown in 
Table 3.2.

3.2.8 �E nergy Balance

Energy requirements can be calculated from resting energy expenditure (REE). 
Prediction formulae can be used to estimate REE. Individual predicted values in 
cirrhotic patients vary widely from measured values, therefore measurement of REE 
rather than prediction has been recommended in these patients.23 Hypermetabolism 
is found in 20–30% of cirrhotic patients and has a negative effect on prognosis.24 
Energy expenditure and energy requirements are usually expressed per kilogram 
of body weight. It remains controversial whether actual body weight, “dry” weight, 
or ideal body weight should be used for calculation. Actual body weight in case of 
severe fluid retention as well as errors in estimates of “dry” weight may lead to erro-
neous values; therefore, ideal body weight may be accepted as a safe approach.1

Assessment of dietary intake has a great importance because low intake is associ-
ated with a poor outcome.11 Inadequacy of spontaneous dietary intake is obvious in 
hospitalized cirrhotic patients, mainly Child C patients, since it has been shown that 
80% and 65% have caloric and protein intakes, respectively, which are below the 
usual recommendations.11 In clinical practice, a systematic dietary recall obtained by 
a skilled dietician will provide adequate information in most cases.

3.2.9 �C omposite Scores

The composite score used by the Veterans Administration Study Group investigator 
includes mid-arm muscle area, skinfold thickness, creatinine excretion, lymphocyte 
count, recall antigen testing, and circulating levels of visceral proteins that are of 
questionable value in chronic liver disease.25 All composite scores including serum 
protein levels are dependent on liver function and have limited value in cirrhotic 
patients.

Morgan et al.26 have validated a global nutritional assessment scheme called Royal 
Free Hospital–Subjective Global Assessment (RFH-SGA), including measures of 
BMI calculated from estimated dry weight, MAMC, and details of dietary intake. 
Intakes were categorized as adequate if they met estimated requirements, inadequate 
if they failed to meet estimated requirements but exceeded 500 kcal/day, or negli-
gible if they provided fewer than 500 kcal/day. The three variables were incorporated 
into a semistructured, algorithmic construct, which allocates patients to one of three 
nutritional categories as shown in Figure 3.3.26 RFH-SGA has a prognosis value since 
patients categorized as severely malnourished have shorter subsequent survival; 
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moreover, this nutritional index adds significantly to Child-Pugh grade and model 
for end-stage liver diseases when assessing the patient prognosis (Figure 3.4).27

3.3 � Conclusion

Many methods can be used for assessment of nutritional status in patients with 
liver cirrhosis. Regarding both the high prevalence of malnutrition and the conse-
quences on outcome, assessment of nutritional status should be performed in every 
patient, especially at admission in hospital. Anthropometry, including measurements 
of BMI, MAMC, and TST, is a reliable and inexpensive method and seems suf-
ficiently robust for detection of malnutrition in clinical practice. Measurement of 
dietary intake should be added, although this may be a limiting factor because a 
dietician is required for this purpose. Combination of anthropometric parameters 
and dietary intake in a composite score, such as RFH-SGA scheme, provides an 
interesting and valid tool to assess both nutritional status and prognosis in patients 
with liver cirrhosis.
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FIGURE 3.4  Cumulative survival in 116 patients with cirrhosis by a category of nutritional 
status determined using the Royal Free Hospital–Subjective Global Assessment scheme. 
Numbers of patients at risk at each time point are tabulated below the figure by nutritional 
category. Significance of the difference between the groups (c2 = 15.04; df = 2; p = .0005).26 
(From Morgan M. Y., Madden, A. M., Soulsby, C. T., and Morris, R. W., Hepatology, 44, 
823–835, 2006. With permission.)
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3.4 �S ummary Points

Total body protein, body cell mass, and fat mass decrease early in the ·	
course of liver cirrhosis.
Malnutrition parallels the severity of liver failure.·	
BMI may be incorporated to a reliable index with the use of dry weight or ·	
the definition of threshold values according to the importance of ascites.
Measurement of MAMC and TST is a simple method that can be used at ·	
bedside.
Measurement of handgrip strength is simple, quick, inexpensive, and a sen-·	
sitive marker of body cell mass depletion.
Ascites limit the value of BIA and DXA.·	
Confounding factors induced by liver failure preclude the use of visceral ·	
proteins and markers of immune status.
SGA and composite scores including anthropometric parameters and ·	
dietary intake are reliable indexes for diagnosis of malnutrition.
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4.1 � Introduction

Since it was developed in the second half of the twentieth century, parenteral nutri-
tion has become established as a life-saving treatment for patients with intestinal 
failure. However, patients receiving parenteral nutrition are at risk of developing 
hepatic complications. Parenteral nutrition–associated liver disease (PNALD) was 
first described in the early 1970s (Peden et al., 1971). Hepatic complications are 
observed in both adults and children, although the patterns of liver disease differ 
between these two groups. The incidence of hepatic dysfunction, possible etiologies, 
and strategies to avoid and manage these complications will be discussed.

4.2 � Incidence of Liver Dysfunction in Patients 
Receiving Parenteral Nutrition

4.2.1 � Short-Term Home Parenteral Nutrition and PNALD

Abnormalities of liver function tests (LFTs) are common in adults with acute intes-
tinal failure receiving short-term parenteral nutrition. Early reports (Lindor et al., 
1979) describe the development of abnormal LFTs occurring after only 2 weeks of a  
lipid-free parenteral nutrition with a high glucose content (elevated aspartate amino
transferase, alkaline phosphatase, and bilirubin concentrations in 68%, 54%, and 
21% of patients, respectively). More recent reports in which more balanced paren-
teral regimens are used (Clarke et al., 1991) describe less frequently abnormal LFTs, 
although this is still clearly a common phenomenon (after 4 weeks of parenteral 
nutrition, aspartate aminotransferase, alkaline phosphatase, and bilirubin concen-
trations were elevated in 27%, 32%, and 31% of patients, respectively). In general, 
these elevations are mild, and they often normalize even if parenteral nutrition is 
continued and usually resolve fully once it is discontinued (Quigley et al., 1993). 
A more recent audit of patients revealed that 34% of patients had abnormal LFTs 
before the parenteral nutrition was started (Baker and Nightingale, 2004). In those 
patients, the LFTs worsened in 60% and resolved in 30% while receiving parenteral 
nutrition. Only 9% of patients developed abnormal LFTs during parenteral nutrition. 
For patients who developed abnormal LFTs or worsening LFTs on parenteral nutri-
tion, the underlying cause was thought to be sepsis in 46% and the underlying liver 
disease in 24%.

The abnormalities of LFT observed in patients receiving acute parenteral nutri-
tion are influenced by factors relating to underlying disease, especially ongoing sep-
sis and preexisting liver disease.

4.2.2 �L ong-Term Parenteral Nutrition

The incidence of abnormal LFTs, abnormal liver histology, and more advanced liver 
disease in adults receiving long-term home parenteral nutrition varies between stud-
ies. Deranged LFTs have been reported in 48% of patients receiving home paren-
teral nutrition, with an elevated alkaline phosphatase level being the commonest 
abnormality (Luman and Shaffer, 2002). However, in this study none of the patients 
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developed decompensated or end-stage liver disease. Similarly, abnormal LFTs have 
been reported in 95% of patients who had received parenteral nutrition for an aver-
age of 2 years, but severe liver disease was observed in only 4% of patients (Salvino 
et al., 2006). Chronic biochemical cholestasis is defined as the persistent elevation 
to > 1.5 times the upper limit of the normal range for more than 6 months of two 
of three biochemical variables (alkaline phosphatase, γ-glutamyl transferase, and 
conjugated bilirubin). Using this definition, we demonstrated a point prevalence of 
24% chronic cholestasis in adult home parenteral nutrition patients at our institution 
(Lloyd et al., 2008) and a prospective cohort study by Cavicchi et al. (2000) noted 
that 65% of patients on home parenteral nutrition developed chronic cholestasis after 
6 months. The wide range in the reported prevalence of chronic cholestasis reflects 
other factors such as the amount of lipid in the parenteral nutrition. The study by 
Cavicchi et al. also demonstrated that the development of chronic cholestasis was 
predictive of the development of complicated liver disease (defined according to 
liver histology), which was seen in 26% and 50% of all patients at 2 and 6 years, 
respectively. Six patients died of PNALD during the course of the study. The most 
common histological finding in this cohort of patients was intrahepatic cholestasis 
with varying degrees of fibrosis progressing to cirrhosis. In addition, macrovesicular 
steatosis, microvesicular steatosis, and phospholipidosis were commonly observed. 
These findings are consistent with other reports, suggesting that although steatosis 
is the most common initial finding in adults with PNALD, intrahepatic cholestasis 
develops later and is persistent (Quigley et al., 1993). A lower incidence of advanced 
liver disease of 14–19% has been described in other studies (Chan et al. 1999; Ito 
and Shils, 1991).

PNALD is common in neonates and infants. Unlike in adults, intrahepatic 
cholestasis rather than steatosis is the most common finding, perhaps reflecting 
the immaturity of the biliary excretion system in neonates and its susceptibility to 
hypoxia. The exact incidence varies between studies, reflecting the patient-group 
studies and the exact definitions used. Neonatal cholestasis relates closely to birth 
weight, prematurity, and duration of parenteral nutrition. Infants with a very low 
birth weight have a high incidence of cholestasis (Beale et al., 1979, 1996), whereas 
in those treated for more than 3 months a 90% incidence of cholestasis has been 
reported (Beale et al., 1979). Neonatal cholestasis is related to bacterial and fungal 
sepsis and, unlike adults, occurs early with rapidly progressive liver dysfunction and 
a reported hepatic failure rate of 17% (Sondheimer et al., 1998).

4.3 �Hi stopathology of PNALD

The acute perturbations of LFT seen in adults receiving parenteral nutrition are char
acterized by hepatic steatosis, with accumulation of macrovesicular and micro
vesicular fat within the hepatocytes, which may be accompanied by an extent of 
steatohepatitis (Quigley et al., 1993). These abnormalities are strongly influenced by 
the underlying disease state, especially ongoing sepsis. Abnormal liver histology has 
been shown to correlate more closely with the presence of intra-abdominal sepsis, 
renal failure, and preexisting liver disease than with the use of parenteral nutrition 
(Wolfe et al., 1988).
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For patients with abnormal LFTs receiving long-term parenteral nutrition, the 
most common histopathological features include intracellular and intracanalicular 
cholestasis, macrovesicular steatosis, microvesicular steatosis, and periportal fibro-
sis. Other features include hepatocellular injury, multinucleated giant cells, phospho-
lipidosis, portal inflammation, acute cholangitis, extramedullary hematopoiesis, bile 
duct proliferation, varying degrees of fibrosis, and cirrhosis (Carter and Shulman, 
2007; Cavicchi et al., 2000).

4.4 �E tiology of PNALD

The etiology of hepatic dysfunction in both adults and children receiving parenteral 
nutrition is complex and multifactorial. An understanding of the mechanisms behind 
the biochemical and histological changes observed in patients receiving parenteral 
nutrition is further complicated by differences in the patient populations studied and 
in the parenteral nutrition formulations used. In general, possible etiological fac-
tors can be divided into those that are patient-dependent, related to a lack of enteral 
intake, and those resulting from either nutrient deficiencies or nutrient toxicities in 
the parenteral formulations used (Figure 4.1).

4.4.1 �P atient-Dependent Causes

Abnormalities of LFTs may relate to underlying liver disease in patients receiving 
parenteral nutrition rather than the effects of the parenteral nutrition itself. Patients 
with inflammatory bowel disease may have occult sclerosing cholangitis with his-
tological evidence of steatosis, or pericholangitis in the presence of normal LFT 
(Nightingale, 2003). Adults receiving long-term parenteral nutrition in the presence 
of preexisting liver disease have been shown to have a threefold increased risk of 
developing chronic cholestasis (Cavicchi et al., 2000).

Patient-dependent causes 
- Sepsis 
- Intestinal anatomy 
- Prematurity 
- Other liver disease 
- Cholelithiasis 
- Bacterial overgrowth 
-  Hepatobiliary circulation 

Nutrient deficiency 
- Protein 
- Essential fatty acids 
- Choline 
- Taurine 
- Carnitine 

Nutrient toxicity 
- Glucose 
- Lipids 
- Phytosterols 
- Manganese 
- Aluminum 

Enteral nutrition 
- No enteral intake 

Parenteral Nutrition– 
Associated Liver Disease 

FIGURE 4.1  Factors implicated in the etiology of parenteral nutrition associated liver 
disease.
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4.4.1.1 �S epsis
The presence of sepsis is an important precipitant of cholestasis in neonates and of 
abnormal LFTs in adults receiving short-term parenteral nutrition. Bacterial over-
growth is relatively common in both children and adults with intestinal failure as 
a result of intestinal stasis. It has been proposed that bacterial overgrowth may be 
causative in the development of liver dysfunction in patients receiving parenteral 
nutrition due to the generation of secondary bile salts such as lithocholic acid as a 
result of bacterial dehydroxylation of chenodeoxycholic acid (Quigley et al., 1993), 
endotoxin, and bacterial translocation. Recent studies on humans support the con-
cept of bacterial translocation previously only seen in animal models (Reddy et 
al., 2007), and experiments performed in animals suggest that effects of bacterial 
endotoxins on the liver may be mediated by cytokines such as tumor necrosis alpha 
(Pappo et al., 1995).

4.4.1.2 � Intestinal Anatomy
PNALD has been shown to be related to small intestinal length in a number of 
studies. One study has reported that a small intestinal length of < 1 m is associ
ated with abnormal LFTs in adults receiving long-term parenteral nutrition (Luman 
and Shaffer, 2002), whereas another study has reported an increased risk of chronic 
cholestasis in adults with a small intestinal length of < 0.5 m (Cavicchi et al., 2000). 
Some authors have postulated that short bowel syndrome predisposes to liver dys-
function as a result of impairment of enterohepatic bile salt circulation and abnor-
mal bile acid metabolism (Cavicchi et al., 2000). Other researchers have argued that 
bowel length may simply be a surrogate marker of parenteral energy requirement 
(Lloyd et al., 2008; Luman and Shaffer, 2002). In addition, it is of interest that LFTs 
have been noted to improve after isolated small intestinal transplantation, even in a 
small number of cases in which there was biopsy-proven hepatic fibrosis (Lauro et 
al., 2006).

The presence or absence of colon in continuity with small intestine has recently 
been associated with the development of PNALD in our institution (Lloyd et al., 
2008). The reason for this association is not yet clear. Effects may be mediated by 
the metabolic and hormonal actions of products of colonic bacterial metabolism such 
as short chain fatty acids and phytoestrogens (van Munster et al., 1994) or may be 
because of release of a range of gastrointestinal hormones such as PYY (Nightingale 
et al., 1996).

4.4.1.3 � Infant Prematurity
PNALD is common in neonates (section 4.2.2) with the smallest premature infants 
being the most susceptible (Beale et al., 1979, 1996). Birth weight is inversely related 
to PNALD (Beale et al., 1979). This association may be due to the immaturity of the 
hepatic transport mechanisms and metabolism of bile acids. Neonates have abnor-
malities in each step involved in the enterohepatic circulation of bile acids: affect-
ing bile acid synthesis and conjugation (Balistreri et al., 1983), hepatic uptake and 
secretion (Suchy et al., 1986), and intestinal uptake and recirculation of bile acids (de 
Belle et al., 1979).
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4.4.2 �L ack of Enteral Nutrition

Reduced enteral nutrition is associated with an increased reliance on parenteral 
nutrition. It is difficult to determine if increased risk of liver dysfunction in individu-
als with very little oral intake is a result of the lack of enteral nutrition, or the effect 
of parenteral feeding.

Fasting coupled with total parenteral nutrition reduces the secretion of a num-
ber of gastrointestinal hormones, including gastrin, motilin, pancreatic polypeptide, 
insulinotropic polypeptide, and glucagon (Greenberg et al., 1981). This reduction 
may reduce intestinal motility, promoting bacterial overgrowth, and may predispose 
to biliary stasis.

4.4.3 �N utrient Deficiency

Individuals with kwashiorkor, resulting from severe protein-energy malnutrition, 
develop hepatic steatosis because there is insufficient protein for the manufacture 
of very low density lipoprotein (VLDL), which is needed for hepatic triacylglycerol 
(TAG) export (Cook and Hutt, 1967). However, patients receiving parenteral nutri-
tion should receive adequate amino acids for VLDL synthesis. Similarly, inadequate 
supply of linoleic acid may result in essential fatty acid deficiency, which is also 
associated with steatosis (Richardson and Sgoutas, 1975). Since the majority of par-
enteral lipid infusions are manufactured using soybean oil, which is rich in linoleic 
acid, essential fatty acid deficiency is rare, unless fat-free parenteral regimens are 
used in individuals with little or no enteral lipid intake.

It has been recently proposed that deficiencies of a number of methionine 
metabolites, such as carnitine, choline, and taurine, may be responsible for both 
steatosis and cholestasis in patients receiving parenteral nutrition. Orally ingested 
methionine can be converted to these metabolites via hepatic transulfuration path-
ways, although these pathways are underdeveloped in premature infants (Vina et 
al., 1995). Methionine administered parenterally to the systemic circulation rather 
than to the portal circulation is also transaminated to mercaptans, hence reducing 
the synthesis of carnitine, choline, and taurine (Chawla et al., 1985). Carnitine, 
choline, and taurine are not routinely administered as part of parenteral formula-
tions, and there is evidence that levels are low in individuals receiving parenteral 
nutrition.

4.4.3.1 � Carnitine
Carnitine is involved in the transport of long-chain fatty acids across the mitochon-
drial membrane so that they can undergo oxidation. In deficiency states in which 
carnitine levels are very low (< 10% normal levels), hepatic steatosis can develop 
(Karpati et al., 1975). Plasma carnitine is about 50% of normal levels in patients 
receiving parenteral nutrition, which is considerably higher than in patients with a 
congenital or acquired deficiency (Bowyer et al., 1986; Moukarzel et al., 1992). There 
is limited evidence suggesting an inverse relationship between carnitine levels and 
alkaline phosphatase in patients receiving parenteral nutrition (Berner et al., 1990). 
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However, intervention studies have failed to show any benefit of parenteral carnitine 
supplementation in patients receiving long-term parenteral nutrition in relation to 
hepatic abnormalities (Bowyer et al., 1988).

4.4.3.2 � Choline
Choline, like carnitine, is normally synthesized from methionine. Levels are low in 
> 90% of patients receiving parenteral nutrition (Buchman et al., 1993) as a result of 
the abnormal metabolism described above and the lack of choline in standard paren-
teral formulations. Choline is required for the synthesis of VLDL and hence hepatic 
TAG export. Choline deficiency results in impaired hepatic TAG secretion and sub-
sequent steatosis (Buchman et al., 1993). Choline deficiency in patients receiving 
parenteral nutrition has been shown to correlate with elevated transaminase levels 
and steatosis in both adults and children receiving parenteral nutrition (Buchman et 
al., 1993, 2001b). Small studies have shown that both parenteral choline supplemen-
tation and high-dose oral supplementation can reverse these abnormalities (Buchman 
et al., 1992, 2001a).

4.4.3.3 �T aurine
Taurine is important for bile salt conjugation, particularly in preterm infants. It pro-
motes bile flow and attenuates the cholestatic effects of secondary bile salts such 
as lithocholate (Belli et al., 1991). Taurine deficiency in neonates is associated with 
cholestatic liver disease (Cooper et al., 1984), and there is evidence that this condi-
tion can be prevented by parenteral taurine supplementation (Spencer et al., 2005). 
Studies in adults have shown that both plasma and biliary taurine levels are low 
(Schneider et al., 2006), probably as a result of a combination of reduced synthesis 
via hepatic transulfuration pathways coupled with an increased loss of bile acids 
associated with ileocolonic resection. Supplementation has been shown to improve 
plasma but not biliary taurine levels, this change being accompanied by an improve-
ment in plasma transaminase concentrations (Schneider et al., 2006).

4.4.3.4 �A ntioxidants
Individuals receiving parenteral nutrition may be deficient in antioxidants, in par-
ticular, vitamin E and selenium (Nightingale, 2003). Increased oxidative stress 
might predispose to lipid peroxidation of hepatic lipid stores resulting in inflamma-
tion and steatohepatitis (Buchman et al., 2006). Experiments using animal models 
suggest that antioxidants such as glutathione may attenuate the hepatic dysfunc-
tion induced by parenteral feeding (Hong et al., 2007). However, although markers 
of oxidative stress are increased in adults receiving parenteral nutrition, there is 
little evidence that oxidative damage is increased despite infusion of soybean-based 
lipid infusions rich in polyunsaturated fatty acids (Schepens et al., 2006). Studies in 
children suggest that the occurrence of parenteral nutrition–associated cholestasis 
is independent of oxidant load (Lavoie et al., 2005). In addition, there is little evi-
dence that antioxidant levels are depleted in patients receiving parenteral nutrition, 
and vitamin E is commonly added to intravenous lipid emulsions (Buchman et al., 
2006).
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4.4.4 �N utrient Toxicity

4.4.4.1 � Glucose
Early parenteral nutrition formulations contained large amounts of energy supplied 
as glucose, and the total glucose content often exceeded the maximum glucose oxi-
dation rate. It is likely that this factor partly explains the high incidence of steatosis 
seen in these early studies (Lindor et al., 1979). Glucose infusion at rates of > 5 mg/kg 
body weight/min result in steatosis (Burke et al., 1979). High glucose infusion rates 
stimulate insulin release, which stimulates hepatic lipogenesis and the production of 
acylglycerol from glucose while concomitantly inhibiting mitochondrial fatty acid 
oxidation (Li et al., 1988). This results in a buildup of TAG within the hepatocytes. 
The adverse effects of insulin hypersecretion may also explain why continuous par-
enteral nutrition infusion is associated with a greater extent of hepatic dysfunction 
than cyclic infusion. Allowing ≥ 8 h each day without parenteral glucose infusion has  
been shown to lower insulin levels and improve LFT (Hwang et al., 2000). It was 
initially thought that the failure of the liver to secrete excess TAG into the circulation 
was the result of an inadequate amino acid content relative to carbohydrate content 
limiting adequate lipoprotein production (Quigley et al., 1993). However, steatosis 
has been shown to result from excessive glucose infusion even if amino acid intake 
is adequate (Guglielmi et al. 2006).

4.4.4.2 �L ipid
The replacement of a proportion of glucose energy with parenteral lipid has been 
shown to reduce the incidence of steatosis (Meguid et al., 1984). However, excess 
lipid may also increase hepatic complications. Very high parenteral lipid intakes of  
> 4 g/kg body weight/day may result in a lipid overload syndrome due to the inability 
of the reticuloendothelial system to clear large amounts of polyunsaturated fatty acids 
and phospholipids (Bigorgne et al., 1998). An association has been found between 
more modest parenteral lipid intake and the incidence of both chronic cholestasis 
and advanced liver disease (Cavicchi et al., 2000). In multivariate analysis, paren-
teral intake of soybean-based lipid emulsion of > 1 g/kg body weight/day is associ-
ated with a relative risk of chronic cholestasis of 2.3 and a relative risk of advanced 
liver disease (fibrosis or cirrhosis on liver biopsy) of 5.5 (Cavicchi et al., 2000). The 
exact mechanism behind this effect is unclear. It has been postulated that lipid over-
loading of hepatic macrophages might impair phospholipid excretion into bile and 
cause intrahepatic cholestasis (Cavicchi et al., 2000). Other authors have suggested 
that lipid infusion may inhibit hepatic TAG release (Luman and Shaffer, 2002) or 
may cause accumulation of phytosterols (Clayton et al., 1998). High plasma phytos-
terol concentrations have been documented in children but not in adults receiving 
parenteral lipid emulsions (Clayton et al., 1993). There has been some suggestion 
that lipid infusions with a lower soybean oil content may cause fewer hepatic com-
plications, with studies showing a lower incidence of cholestasis in patients receiv-
ing lipid emulsions in which a proportion of the soybean oil has been replaced with 
either medium-chain TAG (Carpentier et al., 1990) or monounsaturated fatty acids 
(olive oil) (Palova et al., 2008). There are also case reports of parenteral fish oil 
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supplementation improving hepatic function in children (Gura et al., 2008), although 
similar studies in adults have not been published.

4.4.4.3 �O ther Components
A number of other components of parenteral infusions have been suggested to cause 
abnormal LFT in patients receiving parenteral nutrition. High amino acid content 
has been proposed to promote cholestasis in neonates (Vileisis et al., 1980). Studies 
in children have shown an association between plasma manganese concentrations 
and cholestasis (Fell et al., 1996). Hypermanganesemia may also be a consequence 
of cholestasis; however, omitting parenteral manganese in cholestatic children can 
still improve hepatic function (Fell et al., 1996). Also, copper is excreted via the 
biliary route and can accumulate in the liver if there is substantial cholestasis, exac-
erbating hepatic dysfunction (Blaszyk et al., 2005).

4.5 � Management of PNALD

The strategies used in the management of PNALD are illustrated in Figure 4.2.

4.5.1 �T reatment of Nonnutritional Causes

Given the importance of sepsis as a causative factor for PNALD, it is vital that every 
effort is made to reduce its incidence. Intra-abdominal sepsis should be treated using 
a procedure that is clinically appropriate, usually with a combination of antibiotics 
and/or minimally invasive drainage procedures. It is also important to avoid central 
venous catheter–associated sepsis. To this end, studies in both adult and pediatric 
populations have demonstrated reduced rates of central venous catheter–associated 
sepsis in patients managed by specialist nutrition teams using strict aseptic techniques 
(Kennedy and Nightingale, 2005). Efforts to reduce bacterial overgrowth have been 
more successful in neonates than in adults, suggesting a greater pathophysiologi-
cal role in the former. Several small studies have suggested that antibiotics such as 
metronidazole and gentamicin may reduce the incidence of cholestasis in neonates 
receiving parenteral nutrition (Kubota et al., 1990; Spurr et al., 1989). To date, other 
approaches that may reduce bacterial translocation, such as increased dietary fiber 
intake and parenteral glutamine supplementation, have not been shown to have a 
beneficial effect on PNALD in human subjects.

Cholelithiasis is common in both adults and children receiving parenteral nutri-
tion due to a combination of factors including reduced oral intake, ileal resection, 
weight loss, and drug treatment (Nightingale, 2003). The incidence of biliary sludge 
in adults receiving parenteral nutrition has been estimated to approach 100% after 
more than 6 weeks of treatment (Messing et al., 1983), and gallstones have been 
demonstrated to form in 45% of patients with short bowel syndrome (Nightingale et 
al., 1992).

Medications, especially antibiotics, are a common cause of abnormal LFT and 
should always be considered in a patient receiving parenteral nutrition with abnor-
mal LFT. All hepatotoxic medications should be minimized.
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4.5.2 �A djustments to Parenteral and Enteral Nutrition

It is important not to overfeed patients receiving parenteral nutrition, given the delete-
rious effects of infusion of excess parenteral glucose and lipid described earlier. Both 
U.S. and U.K. guidelines suggest a total daily energy intake of 105–146 kJ (25–35 
kcal)/kg body weight and a daily protein intake of 0.8–1.5 g/kg body weight (Buchman 
et al., 2003; National Institute for Health and Clinical Excellence, 2006), although 
more accurate assessment of the basal metabolic rate and energy requirements can be 
made by performing indirect calorimetry. Given that the majority of patients receiv-
ing long-term parenteral nutrition will continue to eat, it is also necessary to estimate 
enteral energy and protein absorption and reduce parenteral provision accordingly. 
It is important to try to maximize enteral nutrition, although this approach may not 
always be possible. The oral route is preferable, although enteral tube feeding can be 
used and is often useful in infants. As well as countering the adverse effects of fast-
ing described earlier and reducing parenteral requirements, enteral feeding promotes 
intestinal adaptation, which is of particular importance in infants for whom it may 
allow complete weaning from parenteral nutrition (Wallis et al., 2007).

The optimal dose and type of parenteral lipid that should be provided to minimize 
hepatic dysfunction remains unclear. In patients who have no enteral intake, some 
parenteral lipid is needed to prevent essential fatty acid deficiency (Buchman et al., 
2003). A linoleic acid intake of 2–4% total energy intake is adequate for this purpose 
(Food and Agriculture Organization/World Health Organization/United Nations 
University, 1993) and, given the very high linoleic acid content of soybean-based 
lipid emulsions, this level of intake is easily achievable. U.S. guidelines suggest that 
parenteral lipid infusion should supply 20–30% total energy and daily intake should  
be < 2.5 g/kg body weight and ideally < 1.5 g/kg body weight (Buchman et al., 2003). 
However, experimental data suggest that the intake of soybean-based lipid should be 
< 1.0 g/kg body weight/day (Cavicchi et al., 2000). As previously discussed, there is 
growing evidence that lipid emulsions containing a mixture of long- and medium-
chain TAG (Chan et al., 1998) (e.g., Lipofundin MCT/LCT1; B Braun, Melsungen, 
Germany), emulsions with a high monounsaturated fatty acids content (Palova et al., 
2008) (e.g., Clinoleic1; Baxter, Maurepas, France), and emulsions containing fish oils 
(Gura et al., 2008) (e.g., SMOF Lipid1; Fresenius Kabi, Bad Homburg, Germany) 
may be preferable to soybean-based emulsions in relation to hepatic complications, 
but the latter remain in widespread use. Further clinical trials are necessary to 
explore this area further.

Finally, cyclical rather than continuous parenteral nutrition should be adminis-
tered to minimize the adverse effects of prolonged insulin hypersecretion. Allowing 
an 8-h break from parenteral nutrition has been shown to improve LFT and reduce 
insulin levels (Hwang et al., 2000). Cyclical parenteral nutrition also allows greater 
patient freedom, which may be associated with an improved quality of life in patients 
receiving long-term parenteral nutrition (National Institute for Health and Clinical 
Excellence, 2006). At a practical level, this is achieved by slowly increasing the par-
enteral nutrition infusion rate and checking for hyperglycemia. In diabetic patients, 
it is more important to achieve tight glucose control, and this may limit or preclude 
cyclical parenteral nutrition.



58	 Nutrition, Diet Therapy, and the Liver

4.5.3 �P harmacological Treatment

Ursodeoxycholic acid (UDCA) is an exogenous bile acid used in the management 
of a number of cholestatic conditions, including primary biliary cirrhosis and chole-
lithiasis, with the aim of promoting biliary flow. There have been several small 
studies in neonates with parenteral nutrition associated cholestasis that have shown 
a beneficial effect of orally administered UDCA in doses of 10–30 mg/kg body 
weight/day (Chen et al., 2004; De Marco et al., 2006). In this patient group, UDCA 
improved LFTs and reduced the duration of cholestasis (Chen et al., 2004; De Marco 
et al., 2006). This outcome was achieved despite a very short residual intestine in 
some neonates. In addition, a rebound cholestasis occurs on withdrawal of UDCA in 
children (De Marco et al., 2006). Evidence of a benefit of UDCA in adults is more 
limited, with a single study showing that treatment with an average of 11.2 mg oral 
UDCA/kg body weight/day is associated with a reduction in γ-glutamyl transferase 
and alanine aminotransferase levels but not alkaline phosphatase, aspartate amino
transferase, or bilirubin levels (Beau et al., 1994). UDCA may also worsen diarrhea 
in some individuals.

As previously mentioned (section 4.4.3), there is evidence that levels of the 
S-containing amino acids choline and taurine are reduced in patients receiving par-
enteral nutrition. Taurine is especially low in neonates and is now often added to 
neonatal parenteral nutrition formulations, but not to those of adults. Multivariate 
analysis of data collected as part of a larger multicenter trial investigating the man-
agement of cholestasis in neonates receiving parenteral nutrition has suggested that 
parenteral taurine reduces the incidence of cholestasis in severely premature infants 
and those with necrotizing enterocolitis (Spencer et al., 2005). There is considerably 
less evidence of a benefit of taurine supplementation in adults, with a reduction in 
aspartate aminotransferase levels being reported in a single small study of adults 
receiving long-term parenteral nutrition (Schneider et al., 2006). Similarly, small-
scale trials of choline supplementation in adults have demonstrated that both paren-
teral choline and high-dose oral lecithin can increase plasma choline concentrations 
(Buchman et al., 1992, 1995, 2001a). This outcome has been shown to be associated 
with a reduction in hepatic steatosis, assessed by computerized tomography scan-
ning, and improvements in plasma alkaline phosphatase, alanine aminotransferase, 
and aspartate aminotransferase concentrations (Buchman et al., 2001a).

4.5.4 � Small Intestinal and Liver Transplantation

Impending or overt liver failure associated with PNALD is recognized as an indica-
tion for small intestinal transplantation (Buchman et al., 2003), and PNALD is one 
of the most common reasons for performing intestinal transplantation (Grant et al., 
2005). The definition of impending and overt liver failure includes patients with ele-
vated serum bilirubin and/or liver enzymes, splenomegaly, thrombocytopenia, gas-
troesophageal varices, coagulopathy, stomal bleeding, or hepatic fibrosis or cirrhosis 
(Buchman et al., 2003). This definition is very broad and would include patients 
ranging from those with relatively mild LFT abnormalities to those with end-stage 
liver disease. U.K. transplant units have suggested consideration of transplantation 
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only if there is portal hypertension, cirrhosis, or bridging fibrosis (Middleton and 
Jamieson, 2005). Survival after intestinal transplantation is not as good as after other 
solid organ transplants (Grant et al., 2005). Survival is worst for individuals under
going combined liver and small intestinal transplantation, with a 1-year survival of 
only 60%; 1-year survival after transplantation of small intestine alone is better at 
77% (Grant et al., 2005). There is evidence to suggest that for individuals who do 
not have irreversible PNALD, small intestinal transplantation alone may be a viable 
option because of recovery of liver dysfunction after transplantation (Lauro et al., 
2006). However, in adults with end-stage liver disease, a combined liver and small 
intestinal transplant will be required. In neonates and infants, for whom there is a 
possibility of an extent of intestinal adaptation and weaning from parenteral nutri-
tion, transplantation of liver alone, which has a considerably better outcome than 
combined small intestinal and liver transplantation, may be possible as a bridg-
ing measure until enteral nutrition is established. In the meantime, the selection of 
patients for intestinal transplantation (with or without a liver transplant) presents  
a considerable challenge and recent consensus guidance is now published (Beath et 
al., 2008).

4.6 �S ummary Points

 •	 Liver dysfunction is common in individuals receiving parenteral nutrition 
and particularly in neonates and infants.
 •	 Abnormalities of LFT in patients receiving short-term parenteral nutrition 
are usually transient.
 •	 Individuals receiving long-term parenteral nutrition rarely develop end-
stage liver disease.
 •	 The etiology of PNALD is complex, with a large number of patient- and 
nutrition-related factors implicated.
 •	 Effort should be made to prevent liver dysfunction by managing sepsis, 
avoiding parenteral overfeeding, using cyclical parenteral feeding, and 
encouraging enteral nutrition where possible.
 •	 Intake of soybean-based parenteral lipid emulsions should be reduced in 
individuals with established PNALD.
 •	 Patients with intestinal failure and PNALD who develop irreversible liver  
disease should be referred for a small intestinal and/or liver transplantation.
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5.1 � Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently the most common chronic 
liver condition in the Western world. Clinical, epidemiological, and biochemical 
data strongly support the concept that NAFLD is the hepatic manifestation of the 
metabolic syndrome, the constellation of metabolic abnormalities including obesity, 
diabetes, dyslipidemia, and insulin resistance. NAFLD incorporates a spectrum of 
disease ranging from simple steatosis in its most benign form to an intermediate 
lesion, termed nonalcoholic steatohepatitis (NASH), and sometimes cirrhosis. The 
hallmark of NAFLD is hepatocyte accumulation of triglyceride. The mechanism 
responsible for an excessive amount of intrahepatic fat remains unclear but must 
involve an imbalance between the intrahepatic production of triglyceride (primar-
ily derived from plasma fatty acids delivered to the liver that are not oxidized for 
fuel) and the removal of intrahepatic triglyceride [primarily exported from the liver 
within very low density lipoprotein (VLDL)]. To clarify the pathogenesis of NAFLD 
and identify potential therapeutic targets, an increased understanding of the dynam-
ics of triglyceride metabolism in the liver in relation to whole-body metabolic status 



68	 Nutrition, Diet Therapy, and the Liver

is warranted. Therefore, this chapter provides an overview of the fundamental prin-
ciples of lipid metabolism, and its disturbance in insulin resistance relevant to under-
standing the mechanism of hepatic steatosis and lipotoxicity in NAFLD (Table 5.1).

5.2 �H epatic Lipid Homeostasis

Long-chain fatty acids in simple nonesterified form are known as free fatty acids 
(FFAs). FFAs normally cycle between the liver and peripheral adipocytes without 
any appreciable accumulation of lipids within hepatocytes. Fatty acids serve several 
important and biologically diverse functions, which include serving as cell structural 
components in membrane phospholipids, providing an important source of caloric 
energy, playing a role in intracellular signaling, and the regulation of gene transcrip-
tion. The various sources of FFAs include new synthesis within the liver via de novo 
lipogenesis from glucose and the circulation as shown in Figure 5.1. Fatty acids in the 
circulation derive from the hydrolysis of triglycerides in adipocytes in the postabsorp-
tive state and, to a lesser extent, from the postprandial lipolysis of triglyceride-rich  
particles, chylomicrons. Carbohydrates provide two routes to formation of triglycer-
ides: the glycerol backbone via triose phosphate and FFAs via acetyl coenzyme A. 
Fructose can directly contribute to both of these substrates, bypassing the regulated 
conversion of fructose 6-phosphate to fructose 1,6-diphosphate, and is thus a rela-
tively unregulated source of substrate for triglyceride synthesis in the liver.

FFAs are transported to the liver packaged with albumin. Thereafter, FFAs dis-
sociate from albumin in the space of Disse and cross the liver cell plasma membrane 
via two distinct pathways: the protein-mediated uptake and the passive, transmem-
braneous flip-flop of protonated FFAs (Bradbury and Berk, 2004; Pohl et al., 2004). 
Capillary-bound lipoprotein lipase, as produced by the liver, mediates the lipolysis 
of protein-bound triglycerides on the luminal surface of capillary endothelial cells 

TABLE 5.1
Key Facts of Lipid Metabolism
1. � The metabolism of fat consists of catabolic processes that generate energy and anabolic processes 

that create biologically important molecules from fatty acids and other dietary carbon sources.

2. � Defects in fat metabolism are responsible for development of fatty liver disease that may be due to 
imbalance in energy consumption and its combustion resulting in lipid storage or can be a 
consequence of peripheral resistance to insulin, whereby the transport of fatty acids from fat cells to 
the liver is increased.

3. � Impairment or inhibition of several receptor molecules that control the enzymes responsible for the 
oxidation and synthesis of fatty acids appears to contribute toward fat accumulation.

4. � A liver can remain fatty without disturbing liver function, but by varying mechanisms and possible 
insults to the liver may progress to outright inflammation of the liver.

5. � When inflammation occurs in this setting, the condition is then called steatohepatitis, which may 
develop into cirrhosis up to 20% over time.

6. � One debated mechanism proposes a “second hit,” or further injury, enough to cause the disease to 
progress from one stage to the next by an increase in oxidative stress, hormonal imbalances, and 
mitochondrial abnormalities.
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(Heeren et al., 2002). This may be associated with a higher proportion of FFAs mov-
ing across the plasma membrane into or out of hepatocytes occurring by the pas-
sive nonsaturable pathway (Pohl et al., 2004; Hubbard et al., 2006). Several plasma 
membrane protein transporters are involved in the FFA uptake process; however, 
the main translocation process across the plasma membrane due to the saturable 
transport process involves members of the fatty acid transport protein (FATP) family 
(Hubbard et al., 2006). FATP5 is highly expressed in hepatocytes that reveal high-
level FFA uptake for metabolism and storage.

Once taken up by the hepatocyte, FFAs then undergo oxidation within mito-
chondria, peroxisomes, or microsomes, or they become esterified into triglycerides, 
which are neutral lipids consisting of a glycerol backbone and three long-chain 
fatty acids. The β oxidation of mitochondrial FFAs is rate-limited by FFA uptake 
by mitochondria. Uptake requires the presence of the enzyme carnitine palmitoyl 

 

FIGURE 5.1  Lipid homeostasis in nonalcoholic fatty liver disease (NAFLD). The funda-
mental defect in insulin resistance is an increase in insulin-mediated suppression of lipolysis 
in adipose tissue, resulting in more free fatty acids (FFAs) delivery to the liver. Normally, 
hepatic lipid homeostasis is under the control of nuclear transcription factors, especially ste-
rol regulatory element–binding protein (SREBP) and carbohydrate response element–binding 
protein (ChREBP). In NAFLD, an imbalance between the intrahepatic production of triglyc-
eride (primarily derived from plasma fatty acids delivered to the liver that are not oxidized 
for fuel) and the removal of intrahepatic triglyceride [primarily exported from the liver within 
very low density lipoprotein (VLDL)] is the mechanism responsible for an excessive amount 
of intrahepatic fat.
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acyltransferase, which is inhibited by insulin and malonyl coenzyme A and stimu-
lated by glucagon. FFA oxidation at other intracellular sites under physiologic condi-
tions seems to make only a minor contribution to reducing the pool of hepatic FFAs. 
Triglyceride synthesis involves a series of steps; the final step is rate limiting and 
catalyzed by acetyl coenzyme A carboxylase (ACC): diacylglycerol acyltransferase 
(DGAT). Ultimately, triglycerides and other lipids are packaged in VLDL particles 
for transport to other organs. Indeed, the increased hepatic uptake and biosynthesis 
of FFAs are compensated through increased removal of lipids from the liver. The 
principal apolipoproteins for VLDL particle are apolipoprotein (Apo) B100, ApoE, 
ApoC-I, ApoC-II, and ApoC-III. ApoB100 is cotranslationally lipidated with tri
glycerides within the lumen of the endoplasmic reticulum by microsomal triglyc-
eride transfer protein (Wetterau et al., 1997), which similarly lipidates ApoB48 in 
the intestinal epithelial cells. Within the circulation, the apoC-II of VLDL activates 
lipoprotein lipase within specific capillary beds, hydrolyzing the triglycerides, with 
release of glycerol and FFA. In adipose tissue, the released FFAs are taken up by the 
adipocytes and reesterified to triglycerides for storage. Most of the resulting VLDL 
remnants are cleared by receptor-mediated endocytosis in the liver.

5.3 �R egulation of Lipid Homeostasis

The liver plays a major role in the regulation of glucose and lipid metabolism. Thus, 
the disruption of the normal mechanisms for synthesis, transport, and removal/
metabolism of FFAs and triglycerides constitutes the basis for the development of 
fatty liver. Fat accumulation in hepatocytes is commonly associated with resistance 
to insulin’s action to suppress hepatic gluconeogenesis and antilipolysis in adipo-
cytes. However, the exact mechanisms that link hepatic lipid accumulation and insu-
lin resistance remain unclear; increasing evidence suggests that nuclear transcription 
factors play important roles. Several nuclear transcription factors have emerged as 
dominant regulators of hepatocyte metabolic homeostasis, including the sterol regu-
latory element–binding proteins (SREBP), carbohydrate response element–binding 
protein (ChREBP), liver X–activated receptor (LXR), and the peroxisome prolif-
erator–activated receptor (PPAR) as shown in Table 5.2. Moreover, increasing evi-
dence suggests that cross-talk of these nuclear factors could play crucial roles in lipid 
metabolism.

SREBPs are a family of transcription factors that regulate lipid homeostasis by 
controlling the expression of a range of enzymes required for endogenous cholesterol, 
fatty acid, triglyceride, and phospholipid synthesis. SREBP-1a is highly expressed 
in tissues with a high capacity for cell proliferation, such as spleen and intestine, 
whereas SREBP-1c and SREBP-2 are the predominant isoforms expressed with 
especially high levels in liver, white adipose tissue, and skeletal muscle (Shimomura 
et al., 1997). Overexpression of SREBP-1a in mice liver markedly increases the 
expression of genes involved in cholesterol and triglyceride synthesis (Horton et 
al., 2003). SREBP-1c mediates insulin-directed lipogenic activity by increasing de 
novo lipogenesis via increased transcription and expression of several key lipogenic 
enzymes, including ATP citrate-lyase, ACC, fatty acid synthase (FAS), and steroyl 
coenzyme A desaturase. SREBP-1c also increases the expression of acetyl coenzyme 
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A synthetase, which in turn increases production of acetyl coenzyme A, the starting 
point for lipogenesis (Magaña and Osborne, 1996). SREBP-1c further contributes 
to a positive triglyceride balance by inhibiting expression of microsomal triglycer-
ides transfer protein, which decreases VLDL formation (Sato et al., 1999). SERBP-2 
regulates 3-hydroxyl-3-methylglutaryl-CoA reductase and LDL receptor expression 
and has a major role in cholesterol homeostasis (Shimano, 2001).

The transcription factor ChREBP plays a pivotal role in the control of lipogenesis 
through the transcriptional regulation of lipogenic genes, including ACC and FAS. 
ChREBP is translocated to the nucleus and activated in response to high glucose 
concentrations in the liver, independently of insulin. ChREBP binds to its functional 
heterodimeric partner, Max-like protein X (Mlx), and induces the transcription of 
lipogenic and glycolytic genes containing a carbohydrate response element, such as 
those encoding ACC, FAS, and liver-type pyruvate kinase (Weickert and Pfeiffer, 
2006). For most genes in the hepatocyte, both ChREBP-Mlx and SREBP are 
required for induction, and the two signaling pathways function in a highly syner-
gistic manner to support the full transcriptional response for the hepatocyte to store 
excess carbohydrate nutrients as triglycerides. This overlapping regulatory control of 
lipogenesis may serve to ensure that lipogenesis, an energy-requiring process, does 
not occur under inappropriate physiological conditions (Ma et al., 2005).

LXRs are also recognized as important regulators of cholesterol metabolism, lipid 
biosynthesis, and glucose homeostasis. LXRs belong to a subclass of nuclear hormone 
receptors that form obligate heterodimers with retinoid X receptor and are activated 
by oxysterols. LXRs have been identified as a dominant activator of SERBP-1c pro-
moter (Yoshikawa et al., 2001). Next, activated SREBP-1c stimulates the transcrip-
tion of genes involved in de novo lipogenesis and interacts with regulatory elements 
in the promoters of various insulin-regulated genes. In addition to being a choles-
terol sensor, LXR has a vital role in macrophage biology, inflammation, and innate 

TABLE 5.2
Nuclear Transcription Factors Involved in Regulation of Lipid Homeostasis
Transcription Factor Location Function
Sterol regulatory element–binding 
protein 1c

Liver Increase lipogenesis 

Sterol regulatory element–binding 
protein 2

Liver Increase cholesterol synthesis 

Carbohydrate response  
element–binding protein

Liver Increase lipogenesis

Liver X–activated receptor Liver, intestines, adipose 
tissue

Regulate cholesterol metabolism, 
lipid biosynthesis, and glucose 
homeostasis

Peroxisome proliferators–activated 
receptor α

Liver Promote β oxidation of fatty acids

Peroxisome proliferators activated 
receptor γ

Adipose tissue Promote adipocyte differentiation 
with increasing in lipogenesis
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immunity (Castrillo and Tontonoz, 2004). In response to stimulation with lipopoly-
saccharide, LXR signaling inhibits macrophage expression of inducible nitric oxide 
synthase, cyclooxygenase 2, and interleukin 6 (Joseph et al., 2003).

PPARs, comprising a ligand-activated nuclear hormone receptor superfamily, are 
known to regulate the expression of numerous genes involved in fatty acid metabo-
lism and adipocyte differentiation (Schoonjans et al., 1996). PPARs are differentially 
activated by a variety of saturated or unsaturated FFAs and lipid-like compounds. 
PPARs have three isoforms that have different patterns of tissue expression and func-
tional activity. PPAR-α is primarily expressed in the liver, in which it has been shown 
to promote β oxidation of fatty acids. In the small intestine, PPAR-β/δ increase FFA 
binding proteins and have a role in intestinal adaptation to changes in dietary content 
(Poirier et al., 2001). PPAR-γ, preferentially expressed in adipose tissue, promotes 
adipocyte differentiation and lipoprotein lipase activity, thereby making triglyceride-
derived FFA available for uptake. It also induces FFA transport protein and acetyl 
coenzyme A synthase, thereby increasing adipose tissue lipogenesis. PPARs also 
have important anti-inflammatory effects because they interfere with nuclear factor 
kappa B (NF-κB) and other proinflammatory pathway (Bocher et al., 2002).

Taken together, fatty acid metabolism in the liver is transcriptionally regulated by 
two reciprocal systems: PPAR-α controls fatty acid degradation, whereas SREBP-1c, 
activated by LXR, regulates fatty acid synthesis. The roles of these transcription 
factors in whole body physiology and metabolism can be best illustrated by com-
paring two opposite nutritional states: fasted and refed states (Kersten et al., 1999; 
Leone et al., 1999). In the fasted liver, PPAR-α plays a major role in fatty acids being 
oxidized to acetyl-CoA and subsequently to ketone bodies. In contrast, expression 
of SREBP-1c is reduced during fasting. In the refed state, lipogenesis is induced 
through increased amount of SREBP-1, whereas PPAR-α is decreased. This coor-
dinated reciprocal regulation of the two transcription factors is a key to nutritional 
regulation of fatty acids and triglycerides as an energy storage system and impli-
cates the presence of a cross-talk between these factors. However, further studies are 
needed to evaluate the physiological relevance of the cross-talk between these and 
other nuclear transcription factors to harvest the net beneficial effects.

5.4 �D evelopment of Hepatic Steatosis

Several lines of evidence indicate that NAFLD should be considered part of a multi
organ system derangement in insulin sensitivity. The amount of intrahepatic tri
glyceride is directly correlated with impaired insulin action in liver (suppression 
of glucose production), skeletal muscle (stimulation of glucose uptake), and adipose  
tissue (suppression of lipolysis), independent of percentage body fat and intra- 
abdominal adipose tissue volume (Korenblat et al., 2008). Systemic insulin resis-
tance coupled with impaired insulin action in skeletal muscle, adipose tissue, and 
hepatocyte leads to high circulating FFA loads as a consequence of the inability of 
cells to handle both carbohydrate and fat loading. Normal handling of FFAs would 
result in increased glycogen storage, reduced lipogenesis, increased hepatic export of 
VLDL, and enhanced oxidation of FFAs (Parekh and Anania, 2007). The persistence 
of high circulating levels of FFAs and persistent hyperglycemia result in a series of 



Lipid Metabolism and Control in Nonalcoholic Fatty Liver Disease	 73

changes in hepatic FFA metabolism that ultimately leads to hepatic steatosis. Fatty 
acid synthesized by the liver de novo is also increased in the insulin-resistant state, 
whereas decreased β oxidation of FFAs and impaired synthesis and secretion of 
ApoB reduces the secretion of triglycerides from the liver as VLDL (Korenblat et 
al., 2008). The consequence is net storage of hepatocyte storage of triglycerides or 
steatosis.

The key physiologic factors involved in the accumulation of excessive intrahepatic 
triglyceride in NAFLD have been carefully evaluated in nondiabetic obese subjects 
with NAFLD (Fabbrini et al., 2008). Excessive intrahepatic triglyceride content in 
obese subjects is associated with alterations in both adipose tissue and hepatic lipid 
metabolism; subjects with NAFLD have increased rates of adipose tissue triglycer-
ide lipolysis and hepatic VLDL secretion. Increased intrahepatic triglyceride content 
is not simply a marker of altered hepatic metabolic function but is directly involved 
in the pathophysiology of NAFLD because the increase in VLDL secretion was 
caused by an increased incorporation of nonsystemic fatty acids into VLDL from 
lipolysis of intrahepatic and intra-abdominal fat and de novo lipogenesis (Fabbrini 
et al., 2008). Moreover, the increase in VLDL secretion is likely responsible for the 
increase in serum triglyceride concentrations commonly observed in patients with 
NAFLD. The dissociation in VLDL and VLDL-ApoB100 kinetics suggests that a 
failure to adequately increase the secretion rate of ApoB100, which provides the 
framework for triglyceride incorporation into VLDL, limits the liver’s capacity to 
export triglyceride. These data underscore the complex metabolic interactions asso-
ciated with NAFLD in obese persons.

5.5 � Progression of NAFLD

The precise mechanisms by which NAFLD develops into the steatohepatitis pheno-
type remain unknown. A “two-hit” hypothesis for the development and progression 
of NAFLD was proposed (Figure 5.2). Briefly, the first hit involves accumulation 
of triglyceride in hepatocytes. Once the presence of hepatic steatosis is established, 
progression to steatohepatitis involves a “second hit” and oxidative stress is thought 
to play a key role. The resulting accumulation of fat within the hepatocytes has sev-
eral effects. FFAs impair insulin signaling and cause hepatic insulin resistance via 
mechanisms involving activation of protein kinase C, Jun N-terminal kinase, inhibi-
tor kappa beta kinase β and NF-κB (Samuel et al., 2004; Cai et al., 2005). Finally, it 
appears that consequences of fat accumulation within the liver (fat-induced hepatic 
insulin resistance and up-regulation of PPAR-α–regulated genes) result in increased 
FFA oxidation. Mitochondrial and peroxisomal fatty acids oxidations are both  
capable of producing hepatotoxic free oxygen radicals that contribute to the develop-
ment of oxidative stress (Chalasani et al., 2003; Reddy, 2001). These data suggest that 
insulin resistance could in fact deliver both “hits” in the pathogenesis of NAFLD.

As proposed above, accumulation of triglycerides within the liver previously was 
thought to represent the “first hit” in the progression of this disease. Consistent with 
this view, studies in animal models of steatosis have demonstrated improvements in 
hepatic steatosis and insulin sensitivity when triglyceride synthesis was inhibited 
(Yu et al., 2005). In an animal model of progressive NAFLD, however, suppression 
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of DGAT2 expression at the final step of triglyceride synthesis improved hepatic 
steatosis but increased hepatic FFA content, up-regulated cytochrome P-450 2E1, 
exacerbated hepatic oxidative damage, and increased hepatocyte death, liver inflam-
mation, and fibrosis (Yamaguchi et al., 2007). Liver disease progression occurred 
despite significant improvements in insulin sensitivity. These results suggest that 
triglyceride accumulation per se is not harmful in this model; but rather, triglyceride 
synthesis appears to provide a protective mechanism to buffer the harmful effects of 
FFA-induced lipotoxicity. Hence, liver damage accrued from the “invisible” lipids 
rather than from the “visible” fat (i.e., triglycerides) that was the basis for a diagno-
sis of NAFLD. Hepatic triglyceride accumulation may simply identify livers that 
are experiencing increased exposure to FFAs. Whether this results in liver damage 
seems to be determined, at least in part, by the ability of hepatocytes to detoxify 
FFAs by incorporating them into triglyceride. Thus, individual differences in the 
ability to inhibit the lipotoxic effects of FFA accumulation by up-regulating triglyc-
eride synthesis may explain why only some people with steatosis develop progressive 
liver disease.

Currently, there is accumulating evidence that mitochondrial dysfunction, partic-
ularly respiratory chain deficiency, plays a key role in the physiopathology of NASH. 
Reactive oxygen species (ROS) generation in an environment enriched in lipids in 
turn induces lipid peroxidation, which releases highly reactive aldehydic derivatives 
(e.g., malondialdehyde) that have diverse detrimental effects on hepatocytes and 

FIGURE 5.2  Pathophysiology of NAFLD. NAFLD is associated with peripheral and hepatic 
insulin resistance, which is the first hit that causes hepatic steatosis. Development of nonal-
coholic steatohepatitis requires a second hit. Possible pathophysiologic processes involved in 
the second hit include lipid peroxidation, apoptosis, and inflammatory cytokines.
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other hepatic cells. In hepatocytes, ROS, reactive nitrogen species, and lipid per-
oxidation products further impair the respiratory chain, either directly or indirectly 
through oxidative damage to the mitochondrial genome. This consequently leads to 
the generation of more ROS and a vicious cycle occurs. ROS and lipid peroxidation 
products then increase the generation of several cytokines playing a key role in cell 
death, inflammation, and fibrosis. Moreover, oxidative stress also produces altera-
tions in the production of adipokines and proinflammatory cytokines secreted by the 
adipose tissue as shown in Table 5.3. These hormones play a major role in modulating 
insulin resistance and have potential to influence the progression of NASH including 
the development of hepatic fibrosis (Parekh and Anania, 2007). In addition, a recent 
report (Adams et al., 2004) of a high frequency of NASH with rapid progression to 
cirrhosis in patients with panhypopituitarism who are deficient in dehydroepiandros-
terone (DHEA) led to the hypothesis that relative deficiency of DHEA may play a 
role in the histological progression of NAFLD.

A cytokine imbalance, particularly in an increase in the ratio of tumor necro-
sis factor α (TNF-α) to adiponectin, may play an important role in the develop-
ment of NASH. Gene expression of TNF-α and TNF receptors is increased in the 
liver of patients with NASH as compared with both normal liver and fatty liver, and 

TABLE 5.3
Adipokines and Proinflammatory Cytokines Involved in Progression of 
Nonalcoholic Fatty Liver Disease
Factors Source Role in Development of 

Steatohepatitis

Tumor necrosis factor α Kupffer cells, macrophages, 
hepatic stellate cells, 
hepatocytes, adipocytes

- Induction of lipid peroxidation and 
apoptosis

- Release of other cytokines from 
activated Kupffer cells

- Mitochondrial injury with release of 
reactive oxygen species and caspases

Adiponectin Adipocytes - Enhances hepatic lipid oxidation 
- Improves insulin sensitivity
- Anti-inflammatory effects

Leptin Adipocytes - Regulates hepatic fibrosis by activation 
of stellate cell and modulation of 
Kupffer cell function

- Up-regulates profibrogenic 
transforming growth factor β synthesis

Resistin Adipocytes, monocytes, 
Kupffer cells

- Release of proinflammatory and 
fibrogenic cytokines

Interleukin 6 Kupffer cells, macrophages, 
hepatic stellate cells, 
endothelial cells, adipocytes

- Activates hepatic stellate cells to cause 
fibrosis

- Mediates synthesis of acute phase 
proteins by hepatocytes

Interleukin 8 Inflammatory cells - Mediates inflammatory response
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the expression is higher in patients with more severe NASH (Crespo et al., 2001). 
Circulating TNF-α levels are significantly higher in patients with NASH as com-
pared with control (Hui et al., 2004). However, the molecular mechanisms linking 
lipid accumulation in hepatocytes, increased TNF-α production, and liver dam-
age remain poorly understood. Hepatocyte stimulation by FFAs leads to increased 
lysosomal permeability, and subsequently release of cathepsin B in the cytosol 
causes NF-κB translocation into the nucleus with increased production and release 
of TNF-α. Cathepsin B also causes mitochondrial dysfunction leading to hepato-
cyte apoptosis. In addition, TNF-α may further promote lysosomal destabilization, 
resulting in accentuating liver injury (Feldstein et al., 2004). Moreover, TNF-α may 
contribute to steatohepatitis by up-regulation of SREBP-1c and FAS mRNA levels 
(Endo et al., 2007).

Adiponectin, an insulin-sensitizing agent that decreases export of fatty acids from 
adipose depots, is closely implicated in the pathogenesis of NAFLD. It reduces lipid 
accumulation within hepatocytes by inhibiting fatty acid import and increasing fatty 
acid oxidation and export. These actions are exerted through activation of the cyclic 
adenosine 5′-monophosphate-dependent protein kinase. In human studies (Hui et 
al., 2004), serum adiponectin levels are inversely related to hepatic fat stores and 
are lower in patients with NASH than in persons with uncomplicated steatosis. In 
another study (Kaser et al., 2005), hepatic expression of adiponectin, and its type II 
receptor was less in NASH than in fatty liver. Moreover, adiponectin also exerts anti-
inflammatory effects by opposing the synthesis and release of TNF-α from mac-
rophages within adipose tissue in obesity (Masaki et al., 2004). It is therefore of great 
interest that administration of exogenous adiponectin reverses experimental forms of 
NAFLD and steatohepatitis (Yamauchi et al., 2003).

Leptin, discovered as a product of the obesity gene, has been shown to play an 
important role in partitioning energy stores, including fat and glucose by way of 
modulating insulin sensitivity. The high circulating leptin levels associated with 
obesity in humans suggest a role for leptin in NASH, especially since leptin exerts 
complex effects on insulin response in hepatocytes, stimulating glucose transport 
and turnover, consistent with an insulinotropic effect (Kamohara et al., 1997). Leptin 
increased transforming growth factor β mRNA in isolated sinusoidal endothelial 
cells and Kupffer cells, and augmented platelet-derived growth factor–dependent 
proliferation of hepatic stellate cells by enhancing downstream intracellular signal-
ing pathways via mitogen-activated protein kinase and phosphatidylinositol 3-kinase 
(Ikejima et al., 2005). These findings indicate that leptin may be one of the key 
regulators for inflammation and progression of fibrosis in NASH. However, accumu
lated  knowledge about leptin in the scheme of NASH has not completely proved 
the possibility that leptin influences fibrotic and ultimately functional severity in 
NASH.

DHEA is the most abundant steroid hormone and has been shown to influence 
sensitivity to oxidative stress, insulin sensitivity, expression of PPAR-α, and procol-
lagen messenger RNA. Recently, our group has demonstrated that more advanced 
NAFLD, as indicated by the presence of NASH with advanced fibrosis stage, is 
strongly associated with low circulating sulfated DHEA (Charlton et al., 2008). A 
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role of sulfated DHEA deficiency in histological progression of NAFLD is likely to 
involve effects on insulin sensitivity, hepatic susceptibility to oxidative stress injury, 
and/or stimulation of fibrosis. Although the literature concerning the role of DHEA in 
mediating insulin sensitivity in humans is conflicting, evidence generated from ran-
domized controlled trials suggests that DHEA enhances insulin sensitivity (Kawano, 
2000). In healthy humans (Mastrocola et al., 2003), DHEA and its metabolite reduce 
tissue susceptibility to oxidation of both lipids and proteins. Moreover, DHEA has 
been shown to directly inhibit procollagen type I synthesis at the transcriptional level 
in vivo and in vitro in animals and in vitro in human fibroblasts (Iwasaki et al., 2005). 
Finally, DHEA might exert a hepatoprotective effect in NAFLD through attenuation 
of ROS-mediated release of cytokines by Kupffer cells, adipose tissue, and hepato-
cytes. Thus, there are several potential mechanisms for DHEA deficiency to promote 
histological progression in NAFLD.

5.6 � Practical Applications

Over the past decade, there has been increasing knowledge on lipid metabolism and 
control in NAFLD by studies in different experimental models and humans with this 
condition. Although the exact mechanisms that link hepatic lipid accumulation and 
insulin resistance have not been elucidated, increasing evidence suggests that several 
nuclear transcription factors and cytokines secreted by the adipose tissue, in par-
ticular, TNF-α and adiponectin, appear to play a central role as regulators of insulin 
sensitivity and development of fatty liver, as well as in the inflammatory process and 
fibrogenesis. A better understanding of the role of these factors and their possible 
interactions to regulate hepatocyte metabolic homeostasis in NAFLD may help us to 
identify potential novel treatments to halt progression of the disease. Since NAFLD 
is the hepatic component of the metabolic syndrome, initial treatment should be 
directed at correcting coexisting comorbidities such as obesity, diabetes, hyperten-
sion, and dyslipidemia. Other than weight reduction, there is no proven effective 
therapy for NAFLD.

5.7 �S ummary Points

The fundamental principles of hepatic lipid metabolism in the normal state •	
and the mechanisms of hepatic steatosis and its disturbance in the insulin-
resistant state underlie the development of fatty liver.
Regulation of nuclear transcription factors has an effect on hepatocyte met-•	
abolic homeostasis and possibly the evolution of fatty liver disease.
Generation of reactive oxygen species in the liver likely influences progres-•	
sion of fatty liver disease.
Adipokines and proinflammatory cytokines modulate insulin resistance •	
and influence the progression of fatty liver disease.
Hepatic lipotoxicity seen in animal and human research models of fatty •	
liver disease may lead to NASH.
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6.1 � Introduction

It is estimated that more than 1.1 billion adults worldwide are overweight, and 312 
million of these adults are obese. Moreover, according to the International Obesity 
Task Force, at least 155 million children worldwide are overweight or obese as well 
(Haslam et al., 2005). Overweight is defined as body mass index (BMI) > 25 kg m-2,  
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and about one-third of overweight people are obese (BMI > 30 kg m-2; Centers for  
Disease Control and Prevention). As the prevalence over the past decade has more 
than doubled, so have the health care–related costs. In the United States alone, direct 
and indirect costs of obesity have been estimated to exceed $100 billion annually 
(Weight-control Information Network, 2008). Evidence from multiple studies indi-
cates that obesity is strongly associated with hypertension, hypercholesterolemia 
(Mokdad et al., 2003), diabetes, heart disease (Targher et al., 2007), and premature 
death (Allison et al., 1999).

One less publicized but equally significant medical condition directly related to 
the rate of obesity is nonalcoholic fatty liver disease (NAFLD). Mostly unrecog-
nized before 1980 when it was first described by Ludwig et al. (1980), it is now esti-
mated that up to 30% of the adult Western population, including the United States, 
has NAFLD (Browning et al., 2004). Today, NAFLD is the most common form of 
chronic liver disease in Western countries, and its prevalence is increasing with the 
current epidemic of obesity and the metabolic syndrome (Bellentani et al., 2000). 
Prevalence in non-Western countries is expected to increase as well, mainly due to 
globalization of the Western diet.

Patients with NAFLD not only have higher rates of morbidity and mortality from 
liver-related complications such as cirrhosis and hepatocellular carcinoma (Angulo, 
2002), but this condition is closely related to the hallmark features of the metabolic 
syndrome such as obesity, diabetes, and cardiovascular disease (Hamaguchi et al., 
2007). The main focus of this chapter is on a subset of NAFLD termed nonalco-
holic steatohepatitis (NASH). It begins with a brief review of the pathophysiology of 
NASH, followed by a discussion of the current therapeutic options, and the role that 
diet plays on liver function. It will also investigate the use of fish oil and omega-3 
fatty acids.

6.2 �NASH : Pathogenesis and Current 
Therapeutic Options

6.2.1 �D efinition

NAFLD encompasses a histological spectrum ranging from simple steatosis, pro-
gressing to NASH, cirrhosis, and ultimately liver failure. In 2005, the Pathology 
Committee of the United States National Institutes of Health NASH Clinical 
Research Network designed and validated a scoring system comprising 14 histologi-
cal features for NAFLD that encompasses the entire pathologic spectra of the dis-
ease. Microscopically, a diagnosis of NASH consists of accumulation of fatty acids 
and triglycerides in the liver, ballooning of hepatocytes ± Mallory bodies, inflam-
mation, and fibrosis (Kleiner et al., 2005). Two clinical forms of NASH exist. The 
primary form, which occurs more frequently, is intimately associated with obesity 
and the metabolic syndrome. Secondary NASH is a result of a variety of hepatotoxic 
insults including drugs, industrial toxins, and as a complication from long-term par-
enteral nutrition (PN) (Chitturi et al., 2001). The latter is often termed parenteral 
nutrition–associated liver disease (PNALD) (Paquot et al., 2005). This will be dis-
cussed in further detail.
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6.2.2 �E pidemiology

NASH affects 3–6% of the U.S. and Western populations (Torres et al., 2008), 
approximately 3% of the lean population, and almost 50% of the morbidly obese 
(Angulo, 2002). The prevalence has been steadily increasing over the past several 
years, together with the rising incidence of obesity, and due to the invasive nature of 
the gold standard diagnosis (i.e., liver biopsy), it is thought that the prevalence may 
be underestimated. One in seven patients with NASH will develop cirrhosis in their 
lifetime (Paquot et al., 2005). Moreover, patients with NASH have a high incidence 
of progressing to end-stage liver disease and hepatocellular carcinoma (Torres et 
al., 2008), making early diagnosis of these patients critically important. NASH is 
ranked as one of the most common causes of cryptogenic cirrhosis in the United 
States, behind hepatitis C and alcoholic liver disease (Clark et al., 2003). Although 
not exclusively, NASH is often seen as a manifestation of the metabolic syndrome 
(Paquot et al., 2005). In most cases, primary NASH is seen in overweight or obese 
middle-aged adults. These individuals often suffer from diabetes mellitus, hyper-
tension, and hyperlipidemia, although not every patient with these diseases will go 
on to develop NASH. Furthermore, some patients with NASH are not obese, nor 
do they have hypertension, diabetes, or hypercholesterolemia. Secondary NASH, as 
a complication from PN, is seen in both children and adults who receive PN for a 
prolonged period.

6.2.3 �P athophysiology

NASH is often a silent disease with few to no symptoms. Patients generally feel well 
in the early stages until the disease has reached a more advanced stage or cirrhosis 
develops. The progression of NASH can take years, typified by worsening inflam-
mation, hepatocellular degeneration, scarring, and fibrosis of the liver (Paquot et al., 
2005). As fibrosis worsens, cirrhosis develops, and the liver becomes irreversibly 
damaged. Although not every patient with NASH develops cirrhosis, there are no 
proven treatments to halt its progression.

Although NASH is becoming more common, the specific underlying mecha-
nism for liver injury is still not fully elucidated. A “two-hit hypothesis” has been 
proposed to describe the pathogenesis of NASH (Day et al., 1998). First is the accu-
mulation of excess fat in the liver (simple steatosis), followed by necroinflammation 
and fibrosis. Over the past several years, there have been many studies investigating 
the biochemical pathways responsible for the pathogenesis of NASH from simple 
steatosis. A study of gene expression in patients with cirrhosis showed that genes 
involved in reducing reactive oxygen species (ROS) and those involved in fatty acid 
and glucose metabolism were suppressed in patients with NASH (Sreekumar et al., 
2003). Results from a recent analysis of more than 50,000 genes and various bio-
logical pathways in patients with NASH indicated that there are at least 15 different 
pathways involved in its pathogenesis (Yoneda et al., 2007). There is a growing con-
sensus that the progression from steatosis to NASH is multifactorial, with oxidative 
stress, cytokines, genetics, and mitochondrial dysfunction all playing a significant 
role.
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6.3 � Current Treatment Regimens for NASH

Currently, not one specific therapy for NASH exists. The standard of care involves 
a multimodality approach that mainly targets lifestyle modification, as studies using 
specific pharmacologic therapies have been inconclusive. See Table 6.1 for a sum-
mary of therapeutic options.

6.3.1 �W eight Loss

Weight loss is the primary goal in patients with NAFLD and NASH. Even a modest 
6% reduction in weight will improve insulin resistance and decrease hepatic steato-
sis (Sato et al., 2007). Liver histology and serum biomarkers may also improve as 
patients lose weight by reducing their caloric intake (Palmer et al., 1990; de Luis et 
al., 2008). Patients who have undergone bariatric surgery have actually had conflict-
ing results in regards to histological improvement postoperatively. Some studies have 
shown a mild worsening of lobular fibrosis and inflammation after weight loss of 
more than 30 kg (Kral et al., 2004), whereas others have shown significant histologi-
cal improvement (Barker et al., 2006).

TABLE 6.1
Practical Guidelines for Treatment of Patients with NASH:  
Treatment Options

Treatment Modality Examples

Weight reduction Lifestyle modification (diet and exercise)
Bariatric surgery

Pharmacological Intervention

  Drug-induced weight loss Orlistat, Sibutramine

  Antioxidants Vitamin E, Ascorbic acid

  Lipid-lowering agents

    Statins Atorvastatin, Simvastatin

    Fibrates Fenofibrate, Gemfibrozil

    Bile acid sequestrants Cholestyramine

    Other Ezetimibe

  Insulin sensitizing medications

    Thiazoledinediones Pioglitazone, Rosiglitazone

    Biguanides Metformin

Enteral fish oil Dietary supplementation

Parenteral fish oila Omegaven® (for those dependent on 
parenteral nutrition)

a	 This therapeutic option is not currently approved by the Food and Drug Administration (FDA). 
Omegaven is currently undergoing clinical trials.
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6.3.2 �P harmacologic Therapy

Clinical and biochemical studies have provided insight into possible specific phar-
macological therapies for patients with NASH. To date, however, none of these 
studies have been conclusive. The most promising results have come from studies 
investigating insulin-sensitizing medications, particularly a class of drugs called 
thiazolidinediones. Thiazolidinediones, including rosiglitazone and pioglitazone, 
are peroxisome proliferator–activated receptor γ (PPAR-γ) agonists that have been 
shown to improve insulin resistance and glucose and lipid metabolism. Activation 
of PPAR-γ receptors reduces blood glucose levels and decreases hyperinsulinemia 
by regulation of insulin-responsive gene transcription that is involved in glucose 
production, transport, and utilization (Ioannides-Demos et al., 2005). PPAR-γ ago-
nists activate these receptors, which impact the secretion of several substances from 
adipocytes that are involved in glucose metabolism and the regulation of insulin 
sensitivity, which include tumor necrosis factor α (TNF-α) and free fatty acids 
that may result in improved insulin signaling in insulin-sensitive tissues (Arner, 
2003). In one short-term study, pioglitazone improved alanine transaminase (ALT) 
values, reduced hepatic steatosis, and decreased insulin resistance (Yoneda et al., 
2007). Drugs targeting insulin sensitivity (i.e., metformin) by decreasing hepatic 
gluconeogenesis have also shown encouraging preliminary results (Bugianesi et 
al., 2005).

Orlistat belongs to the drug class known as lipase inhibitors and has shown prom-
ise in the treatment of NASH due to its ability to inhibit both gastric and pancre-
atic lipase. In 2006, patients with NAFLD diagnosed by ultrasound were randomly 
assigned to either orlistat or placebo. Patients receiving orlistat showed a significant 
reduction in ALT levels and reversal of steatosis. However, the observed beneficial 
effects were thought to be due to the weight loss effect of the drug (Zelber-Sagi et 
al., 2006).

6.3.3 �A ntioxidants

Patients with NASH have a depletion of antioxidants within hepatocytes, resulting 
in increased ROS (Mehta et al., 2002). Antioxidants can potentially be beneficial in 
NASH by reducing the ROS. Alpha tocopherol (vitamin E) and ascorbic acid (vita-
min C) have both been extensively studied. One study evaluated the combination 
of the two in NASH patients who were given 1000 IU of vitamin E and 1000 mg 
of vitamin C daily for 6 months. These patients showed an improvement in hepatic 
fibrosis, but they showed no change in serum transaminases when compared to those 
receiving a placebo (Harrison et al., 2003).

6.3.4 �L ipid-Lowering Agents

Lipid-lowering medications for the treatment of NASH have had mixed results. Stat
ins, which inhibit 3-hydroxy-3-methylglutaryl-coenzyme-A reductase in the choles-
terol biosynthesis pathway, have been studied the most. A pilot trial with atorvastatin 
in 2006 showed that it was safe and efficacious in treating hyperlipidemia in NAFLD 
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patients (Gomez-Dominguez et al., 2006). However, a more recent study using sim-
vastatin showed no improvement in insulin sensitivity in a group of patients with 
metabolic syndrome (Devaraj et al., 2007). Aside from statins, ezetimibe, an anti-
hyperlipidemic drug that lowers cholesterol by inhibiting its absorption within the 
intestine, decreases hepatic steatosis and fibrosis in obese rats (Deushi et al., 2007).

6.3.5 �D iet

Logically, diet is a main focus for the treatment of obesity, NAFLD, and NASH. 
Several studies have investigated the dietary intake of patients with NASH. When 
comparing the daily food intake of patients with NASH to that of healthy controls, 
patients with NASH consumed significantly more saturated and less polyunsaturated 
fatty acids (PUFAs) (Musso et al., 2003). Patients with NASH also showed signifi-
cantly greater energy intake compared to controls (Capristo et al., 2005). Although 
there is evidence that consuming fish rich in omega-3 PUFAs can reduce the risk 
of NFALD, the benefit might not be seen in the morbidly obese patients. In a study 
of 70 morbidly obese patients, no relationship was found between dietary intake of 
various fatty acids with the degree of hepatic steatosis, inflammation, or fibrosis 
(Solga et al., 2004).

It may therefore be best to approach NASH in a multidisciplinary manner by com-
bining education, nutritional counseling, and physical activity. In a trial of 16 patients 
undergoing this multidisciplinary treatment, there was significant improvement in 
both liver histological scores as well as weight reduction (Huang et al., 2005).

Recent investigation has turned toward fish oil, because of its high omega-3 con-
tent, and evaluation of its hepatoprotective effects. The next section discusses clini-
cal and experimental studies in which omega-3 PUFAs are used as a treatment option 
for NASH.

6.4 �Om ega-6 versus Omega-3 Fatty Acids

Interest in the field of omega-3 fatty acids is increasing because of their anti- 
inflammatory properties as well as their potential beneficial effect on hepatic steato-
sis through an increase in beta oxidation (Ide et al., 1996) and a decrease in de novo 
lipogenesis (Alwayn et al., 2005).

Inflammation is essential in the diagnosis of NASH, and it is known that omega-6 
(n-6) PUFAs, more specifically linoleic acid (LA) and arachidonic acid (AA) (see 
Figure 6.1), play a key role in inflammation through the up-regulation of multiple 
inflammatory mediators. LA activates nuclear factor–kB and increases the produc-
tion of other inflammatory mediators such as interleukin 6 (IL-6) and TNF-α (Dichtl 
et al., 2002; Park et al., 2001). Similarly, AA activates the same proinflammatory 
factors (Camandola et al., 1996). In addition, AA is a key substrate for two-series 
prostaglandins, thromboxanes, and four-series leukotrienes, which are all recog-
nized as potent proinflammatory mediators (Tilley et al., 2001). It has therefore been 
postulated that increased amounts of n-6 PUFAs can initiate or worsen inflamma-
tory states.
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FIGURE 6.1  Pathway of metabolism and synthesis of omega-3, omega-6, and omega-9 
PUFAs. Metabolism of omega-3, omega-6, and omega-9 fatty acids into their downstream 
products. PUFAs, polyunsaturated fatty acids.

TABLE 6.2
Key Facts of Fish and Fish Oil Including Its Perceived Benefits, How It Is 
Produced, and Potential Hazards
1. �Fish oil is recommended as part of a healthy diet because it contains omega-3 fatty acids that have 

been shown to reduce inflammation.

2. �Fish accumulate omega-3 fatty acids by eating microalgae that produce these fatty acids or by eating 
smaller prey fish that have consumed the algae.

3. �The FDA recommends limiting the consumption of certain fish due to their high levels of toxins such 
as mercury (tuna, shark, swordfish).

4. �Fish oil supplements have become popular among those wishing to increase their intake without 
eating more fish.

5. �Fish oil should not be confused with cod liver oil. Although cod liver is an excellent source of EPA 
and DHA, it is a concentrated source of vitamins A and D, both of which become toxic at high doses.
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The n-3 PUFAs are α-linolenic acid (ALA), docosahexaenoic acid (DHA), and 
eicosapentaenoic acid (EPA), and are contained in fish oils. Fish oil may have poten-
tial for anti-inflammatory effects by interfering with the AA pathway and producing 
anti-inflammatory eicosonoids (Chen et al., 1992). In 1997, Yeh et al. showed that 
n-3 PUFAs reduced superoxide dismutase and glutathione in rats receiving PN. This 
suggests that omega-3 FAs in fish oil play a role in reducing radicals that contribute 
to inflammation. This is consistent with several studies showing that fish oil could 
modulate inflammation through the inhibition of TNF-α and decreasing cytokines 
that trigger proinflammatory reactions (Rallidis et al., 2003; Novak et al., 2003).

Clinical studies investigating enteral fish oil in patients with NAFLD have also 
been performed. In 2001, Calder showed how consuming fish oil resulted in higher 

TABLE 6.3
Levels of Omega-3 Fatty Acids in Various Common Fish

Fish Omega-3 Fatty Acids (g/3 oz serving)

Catfish
  Farmed
  Wild

0.15
0.2

Clam 0.24

Cod 0.19

Crab, Alaskan king 0.35

Flounder/sole 0.42

Haddock 0.2

Halibut 0.4–1

Herring 1.76

Lobster 0.07–0.41

Mackerel 0.34–1.57

Oyster 0.37–1.17

Salmon
  Atlantic, farmed 1.09–1.83

  Atlantic, wild 0.9–1.56

Sardines 0.98–1.7

Scallop 0.17

Shrimp 0.27

Swordfish 0.97

Trout, rainbow
  Farmed
  Wild

0.98
0.84

Tuna
  White, canned in water
  Light, canned in water

0.73
0.26

Source:	 American Heart Association. 2008.
Note:	 Levels of fatty acids are rough estimates because oil content varies with species, season, packag-

ing, and cooking method.
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levels of DHA and EPA at the expense of AA and, in turn, lowered the production of 
prostaglandins, leukotrienes, and thromboxane-B2 by neutrophils (Lee et al., 1985). 
In a nonrandomized study in 2006, patients with NAFLD were given 1 g of fish oil 
per day for 1 year and were compared to controls who refused to take the fish oil 
capsules. After 1 year, liver steatosis was absent in 24% of the patients in the fish 
oil group. Liver transaminases and serum triacylglycerol levels improved as well 
(Capanni et al., 2006). Another study investigating enteral fish oil supplementation 
showed similar results (Spadaro et al., 2008). Complete regression of hepatic steato-
sis was seen in 33% of the patients taking fish oil, and an overall reduction was seen 
in half. In the group that did not receive fish oil, complete regression was not seen. 
Additional information regarding fish oil and the omega-3 fatty acid content present 
in common fish may be found in Tables 6.2 and 6.3.

6.5 �S econdary NASH as a Complication of PN: PNALD

PN is a life-saving therapy for patients unable to absorb enteral nutrients secondary 
to insufficient intestinal length or function. Before the development of PN, patients 
with insufficient gastrointestinal absorptive capability commonly died of starvation 
and complications of malnutrition. Today, more than 30,000 patients in the United 
States are permanently dependent on PN for survival (Howard et al., 1995). Although 
lifesaving, long-term use of PN is associated with many complications, including 
septicemia and metabolic abnormalities (Buchman, 2001). The most serious and 
devastating complication associated with long-term PN use is PNALD. PNALD is a 
subtype of NAFLD, ranging from steatosis to cholestasis, cholelithiasis, fibrosis, and 
ultimately cirrhosis and liver failure (Kelly, 1998).

Despite years of extensive study, the etiology of PNALD remains unclear. Recent 
evidence suggests that the composition of the intravenous lipid emulsion admin-
istered with PN may contribute to this liver injury. Since the 1960s, these prod-
ucts have been used in PN as a source of essential fatty acids and as an alternative 
source of nonprotein calories (Edgren et al., 1963). Currently, in the United States, 
the only Food and Drug Administration–approved lipid emulsions are composed of 
either soybean oil alone (Intralipid®, Fresenius Kabi, and Liposyn III®, Hospira) or 
a combination of soybean and safflower oils (Liposyn II®, Hospira), which are rich 
in n-6 PUFAs. In 1998, a meta-analysis of PN with and without lipids showed the 
inclusion of lipids to be detrimental (Heyland et al., 1998). More specifically, lipid 
emulsions derived from soybean oil have been shown to cause liver injury both in 
vitro and in vivo in rodent models (Aksnes et al., 1996; Chen et al., 1996). Soybean 
oil–based emulsions have immunosuppressive effects in several in vitro (Calder et 
al., 1994) as well as clinical studies (Monson et al., 1988). In 2000, Furst and Kuhn 
hypothesized that the ratio of n-6 PUFAs to n-3 PUFAs in lipid emulsions needed 
to be decreased. The long-chain n-3 PUFAs found in fish oil (DHA and EPA) would 
replace the n-6 fatty acids in soybean oil, thus decreasing both the amount of LA as 
well as the n-6/n-3 ratio in the lipid emulsion. Benefits would result from having less 
proinflammatory mediators as well as more anti-inflammatory ones. Results from 
these and numerous other studies have prompted the investigation into alternative 
lipid emulsions such as those composed of fish oil (Alwayn et al., 2005).
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6.6 � Parenteral Fish Oil and Its Protective Effect  
on the Liver

Fish oil has been investigated as a source of fat in intravenous lipid emulsions for PN, 
but its use was hindered by skepticism that fish oil monotherapy might not provide 
enough essential fatty acids to prevent essential fatty acid deficiency and to enhance 
growth (Carlson et al., 1992). Despite this, many research groups began to look for 
an alternative to the conventional soybean oil in lipid emulsion. The main focus of 
the final section of this chapter will be on parenteral fish oil and its clinical use in 
patients with PN-induced NASH.

In the mid-1990s, Clarke et al. (1994) reported that dietary PUFAs were negative 
regulators of hepatic lipogenesis. Since that time, subsequent studies have demon-
strated that the down-regulation of lipogenic enzymes is mediated by their reduction 
of sterol regulatory element–binding protein 1 (SREBP-1) in the liver (Kim et al., 
1999). Additional research on the mechanism of hepatic protection of n-3 PUFAs 
on PNALD indicated that an increased clearance of triglycerides and reduced lipo-
genesis through suppression of the SREBP-1 enzyme likely plays a role (Park et al., 
2003). A study in leptin-deficient ob/ob mice showed that hepatic steatosis improved 
with increased enteral PUFAs by down-regulation of SREBP-1 and hepatic lipogen-
esis (Sekiya et al., 2003).

In 2005, Alwayn et al. showed that a fish oil–based lipid emulsion both prevented 
and reversed PN-induced hepatic steatosis in an established murine model. Mice 
were exclusively fed a fat-free, high-carbohydrate diet for 19 days, and they con-
sistently developed severe macrovesicular steatosis. Mice that received an intrave-
nous fish oil–based lipid emulsion were shown to have significant reduction in their 
hepatic steatosis (Alwayn et al., 2005). Furthermore, they showed that the route of 
lipid administration played a significant role in affecting hepatic steatosis (Javid et 
al., 2005). Mice receiving a conventional intravenous soy-based emulsion developed 
hepatic steatosis, whereas mice receiving the emulsion enterally had normal livers. 
This suggests that the composition of the intravenous lipid emulsion administered 
with PN might be the cause of the liver injury, and the use of a fish oil–based lipid 
emulsion may help alleviate, reverse, and possibly even prevent PNALD.

Clinically, parenteral fish oil has also been extensively investigated for its hepato-
protective effects. Initially, combination lipid emulsions such as SMOFlipid® 
(Fresenius Kabi) or 50:50 mixtures of a soybean oil lipid (Intralipid, Baxter 
Healthcare, Fresenius Kabi) supplemented with a fish oil lipid (Omegaven,  
Fresenius Kabi) were investigated. Details regarding the composition of the differ-
ent lipid emulsions are shown in Table 6.4. Results of these studies were promising. 
Patients receiving at least 50% fish oil were found to have lower rates of wound 
infections, shorter hospital stays, decreased need for mechanical ventilation, and a 
significantly lower mortality (Tsekos et al., 2004).

Studies have shown that administering a lipid emulsion comprising solely of fish 
oil lowered patients’ production of leukotriene B4, C2, and thromboxane A2, all of 
which are derived from AA (Wachtler et al. 1997). Plasma concentrations of TNF-α 
and IL-6 were lower in patients receiving intravenous fish oil in another study 
(Weiss et al., 2002). Heller et al. (2004) showed that PN supplemented with fish oil 
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improved liver and pancreas function in patients recovering from abdominal surgery. 
Together, these studies support the concept that fish oil modulates the inflammation 
and improves liver function in patients postoperatively.

Parenteral fish oil in children has been studied as well, but to a lesser extent. 
In 2006, Gura et al. reported the reversal of PNALD in two infants with intestinal 
failure by substituting a fish oil–based lipid emulsion for the conventional soy-based 
emulsion. A subsequent report on 18 patients in the treatment of PNALD compared 
to historical controls showed similar promising results in the reversal of cholestasis 
(Gura et al., 2008). Over the next several years, with further prospective studies, it 
should be possible to draw more definitive conclusions regarding the efficacy of fish 
oil in treating NASH.

6.7 S ummary Points

Obesity has become an epidemic, and its prevalence is steadily increasing. ·	
This has resulted in an increase in the number of patients with NAFLD and 
NASH.

TABLE 6.4
Comparison and Characteristics of Four Commercial Parenteral Lipid 
Emulsions (100 g fat/L)

Product Intralipid Liposyn II SMOFlipid Omegaven

Manufacturer Fresenius Kabi Hospira Fresenius Kabi Fresenius Kabi

Oil source (g)

    Soybean 100    50 30     0

    Safflower     0    50   0     0

    MCT     0      0 30     0

    Olive oil     0      0 25     0

    Fish     0      0 15 100

Fat composition (%)a

    Linoleic 50    65 18.6   0.4

    α-Linolenic   9      4   2.4 < 0.2

    EPA   0      0   2.4   2.1

    DHA   0      0   2.2   2.3

    Oleic 26 17.7 27.7   1.0

    Palmitic 10   8.8   9.1   0.6

    Stearic 3.5   3.4   2.8   0.1

    Arachidonic    0      0   0.5   0.3

Note:	 Data were provided by the manufacturer. MCT, medium chain triglyceride; EPA, eicosapentaenoic 
acid; DHA, docosahexaenoic acid.

a	 Values in Omegaven group represent means.
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Although much research has been done, there is no ideal therapy for NASH. ·	
Current recommendations revolve around weight loss, improved nutrition, 
and increased physical activity to improve the features of the metabolic 
syndrome.
Pharmacological therapy for NASH has been promising but inconclusive. ·	
Insulin-sensitizing medications, lipid-lowering agents, and antioxidants 
have all shown some improvement in liver function, but rarely any regres-
sion of the disease process.
There are numerous studies showing the beneficial effects of n-3 PUFAs on ·	
inflammation and the immune system. These studies have generated much 
interest in the use of n-3 fatty acids in lipid emulsions for PN.
Most recently, novel therapy for hepatic steatosis using fish oil has shown ·	
the most promising results. Both enteral and parenteral fish oil has been 
shown to improve hepatic steatosis in animal models of NAFLD.
In children reliant on PN for survival, parenteral fish oil has been shown to ·	
reverse the NAFLD seen in these patients.
Finally, parenteral fish oil is currently being investigated in a prospective ·	
randomized controlled trial to determine if it can prevent the liver injury 
caused by the current intravenous nutrition.
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7.1 � Introduction

Nonalcoholic fatty liver disease (NAFLD) is emerging as the most common liver  
condition in developed countries, and its prevalence is increasing worldwide. NAFLD, 
which affects 20–30% of the adult population in Western countries, is strongly asso-
ciated with the metabolic syndrome. The spectrum of NAFLD includes simple ste-
atosis (fatty liver), nonalcoholic steatohepatitis (NASH), and cirrhosis. Most people 
with NAFLD have simple steatosis, a generally benign condition. NASH, the more 
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severe form of NAFLD, is less common, affecting 2–3% of the population. It is char-
acterized by hepatocyte injury, inflammation, and fibrosis, and progresses to cirrhosis 
in 15–25% of patients (de Alwis and Day, 2008; Younossi, 2008). The pathogenesis 
of NASH is thought to involve “multiple” hits. Insulin resistance (IR) is usually 
the first hit leading to steatosis, which can, in turn, worsen hepatic IR. Further hits 
include oxidative stress, endotoxins, cytokines, and environmental toxins. Potential 
sources of oxidative stress in NAFLD include products of mitochondrial and peroxi-
somal fatty acid oxidations, cytochrome P450 activity, cytokine-mediated inflamma-
tion, apoptosis, and iron. Oxidative stress promotes lipid peroxidation of hepatocyte 
membranes, resulting in hepatocyte injury, secretion of proinflammatory cytokines, 
and stellate cell activation leading to fibrosis (Edmison and McCullough, 2007; 
London and George, 2007).

Patients with NAFLD frequently show features of hyperferritinemia and/or iron 
overload. The interplay between these conditions has generated much interest over 
the past decade. Attention has focused on the relationship between NAFLD and 
hemochromatosis gene (HFE) mutations, the potential role of iron in NAFLD pro-
gression and iron-overload-IR interplay. This chapter reviews the literature in this 
field and its implications for nutrition (Table 7.1).

TABLE 7.1
Key Facts and Concepts of Iron Overload in Patients with NAFLD

NAFLD •  �Most common liver condition in developed countries; its prevalence is 
increasing worldwide

•  �Associated with features of the metabolic syndrome including IR
•  Frequently associated with hyperferritinemia and/or iron overload

Iron overload and NAFL Iron’s ability to cause cellular damage and fibrosis has raised concern that 
iron overload may exacerbate NAFLD

However, most human studies have shown no relationship between hepatic 
iron overload and fibrosis severity in NAFLD

Hemochromatosis  
and NAFLD

The prevalence and significance of hemochromatosis gene (HFE) 
mutations in NAFLD have been the subject of conflicting reports

IR-HIO •  �Characterized by hyperferritinemia, normal transferrin saturation, and 
features of IR

•  �Most common cause of iron overload in NAFLD

Iron-insulin relationship •  �Excess iron increases IR
•  �Iron depletion enhances insulin sensitivity
•  �Insulin promotes increased iron stores
•  �Phlebotomy may improve insulin sensitivity and NAFLD
•  �Copper deficiency is prevalent in NAFLD and may be related to iron 

overload; further studies are required to clarify this relationship

NAFLD, nonalcoholic fatty liver disease; IR, insulin resistance; IR-HIO, IR-associated hepatic iron 
overload.
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7.2 �H epatic Iron Metabolism and Overload

Knowledge of human iron homeostasis has advanced considerably with the identi-
fication and characterization of new molecules related to iron absorption and trans-
port. This has led to a more precise classification of hepatic iron overload.

7.2.1 �I ron Homeostasis

Because daily iron loss is limited and not dictated by the level of iron stores, intes-
tinal absorption is the only step in extracellular iron homeostasis that can be reg-
ulated. The pathway of iron absorption and export by the duodenal enterocyte is 

FIGURE 7.1  Schematic representation of current concepts in iron absorption and regula-
tion. Ferric iron (Fe3+) is reduced to the ferrous iron (Fe2+) by ferric reductases [e.g., duodenal 
cytochrome b ferric reductase (Dcytb)] on the luminal aspect of enterocytes. Fe2+ is taken up 
by divalent metal transporter 1 (DMT-1), enters the labile iron pool, and is either stored intra-
cellularly as ferritin or exported across the basolateral membrane by ferroportin. Hephaestin 
reoxidizes Fe3+ to Fe2+, which is bound by circulating transferrin. Hepatic regulation of this 
process is proposed to occur as follows: HFE protein [normally sequestered by transferrin 
receptor 1 (TfR1)] is released at increased transferrin saturation and binds TfR2. Through 
a cytoplasmic signal transduction complex, this induces synthesis and secretion of hepci-
din. Hepcidin promotes internalization and degradation of ferroportin and reduces DMT-1 
expression, thereby blocking iron export. Additional upstream regulators include hemojuve-
lin (HJV) and bone morphogenetic protein (BMP) coreceptor. Mutations in the HFE, TFR2, 
HJV, HAMP (hepcidin) genes result in decreased hepcidin levels and hereditary iron overload 
syndromes (Based on Deugnier, Y., Brissot, P., and Loreal, O., J Hepatol, 48, S113–S123, 
2008; Sebastiani, G. and Walker, A. P., J Gastroenterol, 13, 4673–4689, 2007).
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illustrated in Figure 7.1. Dietary ferric iron (Fe3+) is reduced a ferrous iron (Fe2+) 
state by ferric reductases expressed on the luminal surfaces of enterocytes. Ferrous 
iron is taken up by divalent metal transporter 1 and enters the labile iron pool. Iron 
is then stored intracellularly as ferritin or exported across the basolateral membrane 
by the transmembrane iron exporter, ferroportin. Hephaestin, a membrane bound, 
copper-containing ferroxidase, reoxidizes exported iron to the ferric state, which is 
avidly bound by circulating transferrin. The liver plays a central regulatory role in 
this process through the secretion of the iron-regulatory peptide, hepcidin. Hepcidin 
interacts with ferroportin, leading to its internalization and degradation, thereby 
blocking cellular iron export. Hepcidin production is up-regulated by iron overload 
and inflammation and down-regulated by hypoxia and anemia. This is mediated by 
upstream regulators including HFE, hemojuvelin (HJV), bone morphogenetic pro-
tein coreceptor, and transferrin receptor 2 (TfR-2) (Figure 7.2). Mutations in genes 
encoding these proteins are associated with decreased hepcidin levels and hereditary 
iron overload syndromes (Deugnier et al., 2008; Sebastiani and Walker, 2007).

Intracellular iron homeostasis is tightly controlled by iron regulatory proteins 
(IRP) 1 and 2, which regulate ferritin expression through the recognition of specific 
sequences on iron responsive elements. When the intracellular iron concentration is low, 
IRPs bind iron response elements with high affinity resulting in the down-regulation  
of ferritin expression. When the cell has sufficient iron, IRPs lose their affinity for 
iron responsive elements, permitting ferritin expression. These mechanisms prevent 
iron toxicity through the rapid modification of gene expression in response to fluc-
tuations in intracellular iron (Baptista-Gonzalez et al., 2008).

7.2.2 �C lassification of Iron Overload

Hepatic iron storage disorders are classified into hereditary (primary) and acquired 
(secondary) hepatic iron overload (Table 7.2). Hereditary iron overload disorders are 
divided into hemochromatotic and nonhemochromatotic forms based on pathophysi-
ological, molecular, and phenotypic characteristics. Hereditary hemochromatosis 
(HH) is defined by normal erythropoiesis, increased transferrin saturation, paren-
chymal distribution of iron deposition, and genetic mutations resulting in impaired 
production and/or regulation and/or activity of hepcidin (Pietrangelo, 2007). As 
such, HH consists of five distinct genetic disorders related to abnormalities in HFE, 
HJV, HAMP (hepcidin), TfR2, and SCL40A1 (ferroportin) genes (Deugnier et al.,  
2008). HFE-HH (type 1 HH), which accounts for > 90% of these disorders, is the par
adigm of severe iron overload. This autosomal recessive disorder with low clinical 

1.  Fe3+ + O2_     

  

  Fe2+ + O2 (Haber–Weiss reaction)

2.  Fe2+ + H2O2       Fe3+ + OH− + OH. (Fenton reaction)

FIGURE 7.2  The Fenton–Haber–Weiss reaction. First reaction: Superoxide anion (O2
-) 

reduces ferric iron (Fe3+) to the ferrous state (Fe2+) (Haber–Weiss reaction). Second reaction: 
Fe2+ and hydrogen peroxide (H2O2) react to generate the highly reactive hydroxyl (OH-) radi-
cal (Fenton reaction).
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penetrance is the most common monogenic disorder in Celtic populations (Sebastiani 
and Walker, 2007). The C282Y and H63D mutations in HFE account for the vast 
majority of cases. C282Y homozygosity accounts for a high proportion of HH cases 
with a prevalence of about 1 in 300 in people of Northern European decent. (C282Y 
heterozygosity occurs in roughly 1 in 10.) The H63D mutation is more common 
(approximately 1 in 5 Europeans are H63D heterozygotes), but H63D homozygotes 
mostly develop only mild iron overloads. Compound H63D/C282Y heterozygotes, 
however, may develop overt HH (Sebastiani and Walker, 2007). Patients with HH 

TABLE 7.2
Classification of Hepatic Iron Overload Disorders

Disorder Gene

Primary (genetic) iron overload (HH)
1. Hemochromatotic

      HFE HH HFE gene

      Juvenile hemochromatosis HJV or HAMP (hepcidin)

      TfR2-related hemochromatosis TFR2

      Ferroportin disease type B SLC40A1

2. Nonhemochromatotic

      Ferroportin disease type A SLC40A1

      A(hypo)ceruloplasminemia Ceruloplasmin

      A(hypo)transferrinemia Transferrin

Secondary (acquired) iron overload
1. Iron loading anemias

      Thalassemia major

      Sideroblastic anemia

      Chronic hemolytic anemias

2. Chronic liver disease

      Chronic viral hepatitis

      Alcoholic liver disease

      Insulin resistance associated hepatic iron overload

      Advanced cirrhosis

3. Excessive iron supply

      Dietary iron overload in sub-Saharan Africa

      Iron overload due to excessive iron supplementation (parenteral)

      Transfusional overload

4. Miscellaneous

      Porphyria cutanea tarda

      Neonatal iron overload

      Anemia of inflammation

Source:	 Based on Deugnier, Y., Brissot, P., and Loreal, O., J Hepatol, 48, S113–S123, 2008; Sebastiani, 
G. and Walker, A. P., J Gastroenterol, 13, 4673–4689, 2007.

Note:	 HH, hereditary hemochromatosis.
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manifest increased deposition of iron in parenchymal cells of the liver, heart, joints, 
pancreas, and other endocrine organs. If untreated, this may lead to hepatocellular 
injury, stellate cell activation, and fibrosis (Adams et al., 2000). Non-HFE forms of 
HH are much rarer and were recently reviewed (Deugnier et al., 2008).

Acquired hepatic iron overload includes iron overload secondary to chronic liver dis-
eases (e.g., cirrhosis, alcoholic liver disease, viral hepatitis C, NAFLD, porphyria cutanea 
tarda) (Deugnier et al., 2008; Sebastiani and Walker, 2007), hematological diseases (e.g., 
thalassemia, sickle cell disease), or excessive dietary intake (e.g., sub-Saharan African 
iron overload) (Bothwell et al., 1964). Here, the hepatic iron concentration is lower than 
that seen in HH (Sebastiani and Walker, 2007). Recently, a syndrome of hepatic iron over-
load occurring in patients with IR and NAFLD was described. Termed “IR-associated 
hepatic iron overload” (IR-HIO), this condition is now considered the leading cause of 
mild to moderate hepatic iron overload in patients with NAFLD (Mendler et al., 1999).

7.2.3 �I ron and Oxidative Stress

Under physiological conditions, mitochondria, peroxisomes, and microsomes gener-
ate a variety of reactive oxygen species (ROS), the levels of which are tightly con-
trolled by enzymic and nonenzymic antioxidants (Pietrangelo, 2003). However, in 
iron overload, excess free iron can catalyze the conversion of ROS into highly reactive 
and toxic hydroxyl radicals via the Fenton–Haber–Weiss reaction (Figure 7.2). Here, 
O2

- reduces Fe3+ to Fe2+, which then reacts with H2O2 to form highly reactive hydroxyl 
radicals (Baptista-Gonzalez et al., 2008). The latter result in lipid peroxidation, oxida-
tion of amino acid side chains, cross-linking of proteins, protein fragmentation, DNA 
damage, and strand breaks (Sies, 1991). Once initiated, free iron promotes additional 
lipid peroxidation, thereby perpetuating the process (Emerit et al., 2001). Lipid per-
oxidation of cell membranes results in functional and structural modifications and the 
generation of by-products including highly reactive aldehydes from oxidative break-
downs of polyunsaturated fatty acids (Esterbauer, 1996). These by-products may fur-
ther damage the cell through the formation of protein adducts (Pietrangelo, 2003).

7.2.4 �I ron and Fibrogenesis

The mechanisms by which iron overload leads to hepatic fibrosis are unclear. Excess 
iron has been shown to induce hepatic stellate cell activation and collagen produc-
tion in vitro and in vivo (Pietrangelo et al., 1994; Ramm et al., 1995). Hepatic injury 
in humans with untreated hemochromatosis is relatively mild and progression to 
cirrhosis is slow. Iron appears to unleash its full pathogenic potential when acting 
as a cofactor in the setting of underlying chronic liver disease or together with other 
hepatotoxins (Barton et al., 1995; Pietrangelo, 2003). The contribution of iron to 
fibrogenesis in NAFLD is considered below.

7.3 � Iron Overload and NAFLD

The relationship between NAFLD and iron overload has been the subject of intense 
debate. Early studies examining the relationship among NAFLD, HFE mutations, 
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and fibrogenesis in NAFLD produced conflicting results. Later, attention turned 
to the relationship between IR and hepatic iron overload following the description 
of the IR-HIO syndrome. Recently, attention has been focused on the mechanisms 
underlying iron’s influence on insulin sensitivity and the effects of insulin in iron 
homeostasis. Results of these studies are discussed below.

7.3.1 �NAFLD  and HFE Mutations

Many studies have investigated the prevalence of HFE mutations in NAFLD. Over
representation of HFE mutations in patients with NASH was first reported by an 
Australian center with a special interest in iron overload. Out of 51 patients with 
NASH, 31% were either heterozygous or homozygous for the C282Y mutation com-
pared to only 13% of controls. Increased stainable iron on liver biopsy was present in 
41% of patients with NASH and correlated significantly with C282Y mutations and 
fibrosis (George et al., 1998). A subsequent American study reported a significant 
increase in H63D heterozygosity in 36 patients with NASH compared to controls 
(44.4% vs. 26.6%). For C282Y, heterozygosity was not different between patients 
and controls (17.5% vs. 11%) but did correlate significantly with hepatic fibrosis in 
NASH patients (Bonkovsky et al., 1999). A prospective study conducted in Italy 
including 263 patients with NAFLD (167 with liver biopsies) found the prevalence 
of C282Y and H63D mutations to be similar to the general population, and HFE 
mutations were not associated with iron overload or fibrosis (Bugianesi et al., 2004). 
Studies from Brazil, India, the United States, and Turkey also failed to demonstrate 
a relationship between HFE mutations and NASH (Deguti et al., 2003; Duseja et 
al., 2005; Nelson et al., 2007; Neri et al., 2008; Simsek et al., 2006). Furthermore, 
a large number of studies found no relationship among hepatic iron accumulation, 
HFE mutations, and the severity of liver disease in patients with NAFLD (Angulo 
et al., 1999; Bacon et al., 1994; Bugianesi et al., 2004; Chitturi et al., 2002; Deguti 
et al., 2003; Duseja et al., 2005; Mendler et al., 1999; Neri et al., 2008; Yamauchi et 
al., 2004; Younossi et al., 1999). Potential explanations for these conflicting results 
include ascertainment bias, genetic differences in the populations studied, and statis-
tically underpowered studies (Nelson et al., 2007; Sebastiani and Walker, 2007). In 
an attempt to overcome these limitations, six North American centers examined the 
relationship between HFE mutations and liver fibrosis in 126 patients with NASH. 
The overall prevalence of HFE mutations did not differ significantly from that in 
the general population. However, among Caucasian patients, those with the C282Y 
mutation were significantly more likely to have bridging fibrosis or cirrhosis (44% 
vs. 21%) compared to patients with other genotypes (Nelson et al., 2007). It is clear 
from the above data that the relationship among iron overload, HFE mutations, and 
NAFLD remains unsettled. Large, multicenter, prospective studies are needed to 
clarify this important issue.

7.3.2 �IR -HIO Syndrome

In 1997, a French group reported a new syndrome of hepatic iron overload char-
acterized by hyperferritinemia, normal transferrin saturation, and features of IR. 
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They showed, by HLA typing and later by genotyping for HFE mutations that this 
syndrome was unrelated to hemochromatosis (Moirand et al., 1997; Mendler et al., 
1999). In a series of 161 patients with unexplained hepatic iron overload, they found 
94% of patients to have one or more features of the IR syndrome and 52% to have 
histological evidence of NAFLD (half had NASH). They coined the term “IR associ-
ated hepatic iron overload” to describe this condition (Mendler et al., 1999). Several 
studies have confirmed the relationship between hyperferritinemia, iron overload, 
IR, type II diabetes mellitus (Bozzini et al., 2005; Fargion et al., 2001; Fernandez-
Real et al., 1998), and NAFLD (Fargion et al., 2001; Mendler et al., 1999; Turlin et 
al., 2001). IR-HIO is characterized by hyperferritinemia with normal or high normal-
transferrin saturation (Fargion et al., 2001; Mendler et al., 1999). Histologically, iron 
accumulates in both hepatocytes and sinusoidal cells in contrast to HH in which iron 
deposition is largely hepatocellular (Figure 7.3) (Turlin et al., 2001). Isolated hyper-
ferritinemia is a nonspecific finding in inflammation, liver necrosis, and alcoholic 
liver disease and does not imply iron overload (Bell et al., 1994). However, increased 
ferritin levels may serve as a marker of more severe liver disease in patients with 

FIGURE 7.3  Liver biopsies from patients with nonalcoholic fatty liver disease (NAFLD) 
and iron overload. (a) Liver biopsy from a patient with NAFLD and iron overload. Iron gran-
ules (small arrows) show a distinct zonal distribution around portal tracts (PT) and is located 
primarily in hepatocytes, characteristic of HFE-related iron overload. Note the steatosis (long 
arrow). (b) Higher magnification of (a). (c) Liver biopsy from a patient with NAFLD and mild 
iron overload associated with insulin resistance. Iron deposition is mild and involves Kupffer 
cells (short arrows) in addition to hepatocytes. (Perls’ Prussian blue stain, a–c.)
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NAFLD (Bugianesi et al., 2004; Fargion et al., 2001). Interestingly, hyperferritinemia 
in patients with NAFLD and IR-HIO may be reversed by a low caloric diet (Fargion 
et al., 2001; Piperno et al., 1998). The apparent relationship between iron overload, 
IR, and NAFLD has prompted studies evaluating the effect of iron depletion on these 
conditions. Preliminary evidence suggests a beneficial effect. Phlebotomy has been 
reported to improve insulin sensitivity, reduce hyperglycemia, and improve liver 
transaminases in patients with diabetes and NAFLD (Aigner et al., 2008a; Facchini, 
1998; Facchini et al., 2002; Fargion et al., 2005; Piperno et al., 1998; Sumida et al., 
2006; Valenti et al., 2007). Moreover, regular blood donors have increased insulin 
sensitivity compared to matched controls (Fernandez-Real et al., 2005).

7.3.3 �I ron Stores and Insulin Sensitivity: Interplay and  
Underlying Mechanisms

Recently, attention has focused on mechanisms underlying the relationship between 
iron stores and insulin sensitivity. Iron chelation by desferrioxamine increases insu-
lin sensitivity and glucose uptake in HepG2 cells, whereas iron supplementation 
has the opposite effect. Iron depletion appears to increase insulin receptor binding 
activity and signaling and increases expression of genes involved in glucose uptake 
(Dongiovanni et al., 2008; Fargion et al., 2005). Iron overload may also interfere 
with insulin signaling through the generation of ROS, which may impair glucose 
uptake through a direct effect on insulin receptor function, or by inhibiting the trans-
location of GLUT4 to the plasma membrane (Bertelsen et al., 2001). In addition, 
decreased hepatic extraction and metabolism of insulin due to iron accumulation in 
hepatocytes may contribute to hyperinsulinemia (Niederau et al., 1984).

The interaction between iron and insulin works both ways, with insulin exerting 
several effects on iron homeostasis. Insulin stimulates ferritin synthesis and induces 
a rapid and pronounced increase in iron uptake by cultured adipocytes through 
increased TfR externalization (Davis et al., 1986). The colocalization of TfRs with 
glucose transporters and insulin such as growth factor II receptor in microsomal 
membranes of adipocytes suggests that regulation of iron uptake by insulin may 
occur in parallel with glucose uptake (Tanner and Lienhard, 1989). Animal stud-
ies also suggest a regulatory effect for insulin on iron homeostasis. Genetically 
obese insulin-resistant ob/ob mice showed a twofold increase in iron absorption and 
significantly higher hemoglobin levels than lean control mice (Failla et al., 1988). 
Similarly, rats rendered obese/IR by a high fat/high energy diet showed elevated 
hemoglobin levels associated with higher transferrin levels, lower transferrin satura-
tion, and lower hepcidin mRNA expression than lean controls. Hepatic and splenic 
iron stores in IR animals were decreased relative to controls, and duodenal levels 
were unchanged. Taken together, these findings point toward a higher iron require-
ment in IR animals, perhaps driven by increased erythropoiesis (Le Guenno et al., 
2007). The results of this animal study differ from the human situation in which IR 
is often associated with increased iron stores. Recent evidence suggests that iron 
accumulation in NAFLD may, at least in part, be due to reduced iron export due to 
down-regulation of ferroportin 1 (FP-1) and impaired hepatic iron sensing due to 
low HJV expression. Increased hepcidin levels in NAFLD patients likely reflect the 
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physiological response of the liver to iron accumulation, since increased hepcidin 
expression is reported only in NAFLD patients with iron overload but not those 
without (Aigner et al., 2008a).

7.3.4 �P ractical Applications: Theoretical Aspects

This section evaluates iron stores as a potential target for improved insulin sensi-
tivity and improvement of NAFLD. Both dietary iron intake and iron removal are 
considered. The first question is whether excessive dietary iron may be detrimental 
in NAFLD. Intake of iron beyond physiological requirements is endemic in many 
parts of the world. Many countries fortify foods with iron to reduce iron-deficiency 
anemia. In addition, approximately 40% of American adults use multivitamins and 
mineral supplements containing ferrous sulfate (Ervin et al., 2004). Iron fortification 
and iron supplementation may place some sectors of the population at increased risk 
of iron overload (Swanson, 2003). With increasing awareness of the role of dietary 
pro-oxidants in chronic disease, the potential health risks associated with excess 
iron intake have come under increasing scrutiny (Arosio and Levi, 2002). Dietary 
iron, once absorbed, is not actively excreted and absorption of iron remains the criti-
cal determinant of body iron stores. Normally, this process is tightly controlled and 
healthy individuals are unlikely to accumulate excess iron through fortified food or 
iron supplements (Beard, 2002). However, feedback mechanisms may not protect all 
populations from iron accumulation. A study including 614 participants aged 68–93 
years from the Framingham Heart Study Cohort demonstrated a relationship between 
iron intake and iron stores. Iron stores correlated with iron supplement use, frequent 
consumption of red meat, and frequent intake of fruit or fruit juices (Fleming and 
Sly, 2002). Others have failed to demonstrate a relationship between iron intake and 
iron stores in the elderly (Garry et al., 2000) and the precision with which the homeo-
static feedback loop regulates iron absorption in the elderly remains an open ques-
tion. The effect of excess dietary iron has also been evaluated in heterozygotes for 
C282Y mutations. In a study conducted before the availability of C282Y genotyping, 
iron absorption was evaluated in children and siblings of HH patients who shared 
a single HLA haplotype. These presumed heterozygotes showed no difference in 
nonheme iron absorption from a hamburger meal compared to controls. However, 
after fortification of the meal with 20 mg of ferrous sulfate and 100 mg of vitamin C, 
they absorbed 2.5 times as much nonheme iron as controls (Lynch et al., 1989). This 
observation fueled concern over fortification in countries where HFE mutations are 
fairly common. However, studies performed after C282Y genotyping became avail-
able were unable to confirm these findings. The conflicting findings of the initial 
and subsequent studies might be explained in part by the possible misclassification 
of heterozygotes before the availability of genotyping (some may have been com-
pound heterozygotes) as well as differences in the doses and dosing schedules used. 
Although this issue remains unresolved, it seems that dietary iron intake including 
fortified foods has a minor effect, if any at all, on iron absorption in C282Y hetero
zygotes (Singh et al., 2006).

A second question is whether reduction of iron stores, either by dietary restriction 
or iron removal (e.g., phlebotomy), has the potential to enhance insulin sensitivity 
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and improve NAFLD. A study of iron stores and insulin sensitivity in 30 lacto-ovo 
vegetarians and 30 adult, lean, and glucose-tolerant meat eaters found lacto-ovo 
vegetarians to have lower serum ferritin levels and to be more insulin-sensitive than 
their meat-eating counterparts. Lowering of serum ferritin levels by phlebotomy in 
six meat eaters reproduced the improvement in insulin sensitivity observed in lacto-
ovo vegetarians (Hua et al., 2001). Preliminary evidence suggests that phlebotomy 
may have beneficial effects on IR and possibly a subset of patients with NAFLD. 
Phlebotomy has been reported to improve insulin sensitivity, reduce hyperglycemia, 
and improve liver transaminases in patients with diabetes and NAFLD (Aigner et 
al., 2008a; Facchini, 1998; Facchini et al., 2002; Fargion et al., 2005; Piperno et 
al., 1998; Sumida et al., 2006; Valenti et al., 2007), whereas regular blood donors 
have been found to have increased insulin sensitivity compared to matched controls 
(Fernandez-Real et al., 2005). The limited data regarding phlebotomy in NAFLD 
patients come mostly from small studies without adequate controls (Facchini et 
al., 2002; Guillygomarc’h et al., 2001; Valenti et al., 2003). A recent case control 
study compared 64 NAFLD patients with hyperferritinemia undergoing phlebot-
omy compared to 64 matched NAFLD controls. Both groups received standard 
nutritional/lifestyle counseling. Iron depletion resulted in a significantly greater 
reduction in IR compared to just nutritional and lifestyle counseling alone, inde-
pendent of changes in body mass index, baseline homeostatic metabolic assessment 
IR index, or the presence of metabolic syndrome (Valenti et al., 2007). Although 
these findings are promising, large randomized studies evaluating liver histology 
endpoints are needed before this therapy can be considered outside of the research 
setting.

Finally, a recent study suggested that a significant proportion of NAFLD patients 
are copper deficient. Patients with low serum and liver copper levels were found 
to have higher serum ferritin levels, an increased prevalence of siderosis in liver 
biopsies, and a ±3-fold increase in hepatic iron concentration compared to NAFLD 
patients who were not copper deficient. Low copper bioavailability caused increased 
hepatic iron stores via decreased FP-1 expression and ceruloplasmin ferroxidase 
activity, thereby blocking liver iron export in copper-deficient patients (Aigner et al., 
2008b). Interestingly, patients with a genetic deficiency in ceruloplasmin (a copper 
containing ferroxidase catalyzing the oxidation of ferrous to ferric iron, an essen-
tial step for the release of iron to plasma transferrin) develop hepatic iron overload 
(Hellman et al., 2000). These findings should prompt prospective studies determin-
ing whether normalization of copper levels improves iron status and liver histology 
in these patients. If so, this may have implications for nutritional therapy in NAFLD 
patients with iron overload.

In summary, preliminary data suggest that iron depletion may have beneficial 
effects on IR and NAFLD, particularly in the setting of hyperferritinemia. Large 
randomized controlled studies are needed before the true benefits of such interven-
tions are known and evidence-based guidelines can be formulated. Current guide-
lines for the management of NAFLD do not include any specific recommendations 
regarding iron intake or iron removal (de Alwis and Day, 2008; Younossi, 2008). 
The potential effect of copper deficiency on iron overload in NAFLD merits further 
study.
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7.4 �S ummary Points

NAFLD is strongly associated with the metabolic syndrome.·	
Patients with NAFLD frequently show hyperferritinemia and/or iron ·	
overload.
Iron’s ability to promote oxidative stress has raised concern that iron over-·	
load may exacerbate NAFLD.
Most human studies have shown no relationship between hepatic iron over-·	
load and fibrosis severity in NAFLD.
The prevalence and significance of ·	 HFE mutations in NAFLD have been 
the subject of conflicting reports.
IR-HIO syndrome is the most common cause of iron overload in NAFLD.·	
Excess iron increases IR whereas iron depletion enhances insulin sen·	
sitivity.
Insulin promotes increased iron stores.·	
Phlebotomy may improve insulin sensitivity and NAFLD.·	
Copper deficiency is prevalent in NAFLD and may be related to iron  ·	
overload. Further studies are required to clarify this relationship.
Evidence-based recommendations for nutritional intervention in NAFLD-·	
associated iron overload are currently lacking.
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8.1 � Introduction

The term nonalcoholic fatty liver disease (NAFLD) has been used to describe a 
larger spectrum of steatosis liver diseases commonly associated with metabolic 
syndrome (MS) and represents a constellation of related health diseases. However, 
obesity-associated NAFLD was first described nearly 50 years ago, and was only 
partially confirmed recently due to the complexity of the biochemical machine that 
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plays an important role between the inflammatory process and cellular mechanisms 
of NAFLD-related diseases (Zivkovic et al., 2007).

Nowadays, NAFLD is regarded as the hepatic manifestation of MS including the 
multifactorial disease involving a complex interaction of genetics, diet, and lifestyle, 
and is defined as the accumulation of lipids, primarily in the form of triacylglycerol 
in individuals who do not consume significant amounts of alcohol (20 g ethanol/day) 
(de Piano et al., 2007).

In this manner, imbalances in major lipid signaling pathways that are highly 
interconnected contribute to disease progression in chronic inflammation, autoim-
munity, allergy, cancer, atherosclerosis, hypertension, heart hypertrophy, as well as 
metabolic and degenerative diseases. The resulting commonality of various different 
signaling components means that different diseases share common points of inter-
vention (Wymann and Schneiter, 2008).

Given the close relationship among obesity, MS, and the development of NAFLD, 
it is not surprising that many NAFLD patients have multiple components of MS. 
Thus, management strategies for such patients need to be predominantly supported 
by diet therapy to promote weight loss as well as improve related comorbidities; 
however, experiences with multidisciplinary approaches, including clinical, exercise, 
and psychological counseling, are recommended for the long-term success of dietary 
and lifestyle interventions.

This chapter reviews the clinical strategies used in the treatment of MS and 
NAFLD with emphasis on a multidisciplinary approach and focus on nutrition.

8.2 � Procedures and Treatment Regimens

8.2.1 �C oncepts of Multidisciplinary Intervention in NAFLD  
and MS

Despite the increasing prevalence of NAFLD, its pathogenesis and clinical signifi-
cance remain poorly defined and there is no ideal treatment. However, as mentioned 
above and considering the multifactor altered mechanisms associated with NAFLD 
etiology, it would be expected to play a role in integrated health intervention.

In this sense, 5 years ago we started, as suggested by the World Health Organization 
(WHO) (2000) and inspired by the Adipositas Rehabilitation Zentrum, INSULA—
Therapy Model from Germany (Siegfried et al., 2006), a multidisciplinary approach 
with the objective of primarily treating obesity. In subsequent years, it was observed 
that about 50% of obese adolescents had a positive ultrasonography (US) diagnostic 
for NAFLD and 28% presented MS by WHO criteria. Although the prevalence of 
NAFLD was reduced (from 50% to 29%) after short-term therapy, as well as MS 
(from 28% to 8%) after long-term therapy, some obese adolescents continued to show 
altered metabolic and hormonal analyzed parameters (Tock et al., 2006; Caranti et 
al., 2007).

The next step is keeping in mind the importance of promoting the best way to con-
trol these comorbidities, as part of the clinical approach of metformin use associated 
with lifestyle changes, with the specific purpose of normalizing insulin resistance, 
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creating good health expectations for patients as long as possible, and improving 
their quality of life (data not published).

Another noteworthy question about therapeutic strategies is the relevance of the 
integrated approach between nutritional therapy and psychological counseling, con-
sidering in particular several eating disorders (e.g., bulimia, anorexia) as well as 
altered behaviors (e.g., anxiety, depression). When dealing with undesirable condi-
tions such as metabolic and hormonal disorders, which result in imbalances between 
food intake and energy expenditure, one of the most important targets is to treat 
obesity, MS, and NAFLD. This clearly induces an amplification of the empower-
ment-based approach to control comorbidities, which sometimes delay the expected 
beneficial effects on patients’ lives.

Finally, the relationship between nutritional therapy and exercise therapy is 
essential to enable appropriate calorific control and induces professionals (dieticians, 
physiotherapists) to work closely together. Through this consensus, one of the most 
promising means of treating these pathologies is integrated.

In fact, in a recent review published in Hepatology, Bellentani et al. (2008) con-
cluded that although very few studies have tested the effectiveness of intensive behav-
ior therapy in NAFLD, aimed at lifestyle modifications to produce stable weight loss 
by reduced calorie intake and increased physical activity, it is important that behavior 
therapy should simultaneously address all clinical and biochemical defects. Indeed, 
Bellentani et al. suggest that there is a need for multidisciplinary teams (nutritionists, 
psychologists, and physical activity supervisors) to treat patients with NAFLD.

8.2.2 �C linical Therapy

8.2.2.1 � Medical Program
To accomplish their health and clinical goals, patients with NAFLD and MS need to 
undergo a long-term weight loss multidisciplinary program. The main foci of clinical 
treatment are as follows: identified genetic, metabolic, or endocrine disease; chronic 
alcohol consumption; previous drug utilization; enteral and parenteral diets; fast 
weight loss; viral hepatic diseases; and other causes of liver steatosis. Examination 
of NAFLD obese patient presents some distinct challenges for the clinician, includ-
ing increased size and limited mobility, which create a barrier in the performance 
of physical examination: increased chest wall abdominal fat may impair effective 
auscultation and palpitation of these anatomical areas; increased risk for a host 
of diseases, many of which will not be recognized before the clinical evaluation 
because they are clinically difficult to detect and require appropriate screening for 
early detection (e.g., diabetes, hyperlipidemia). Finally, physicians must keep in 
mind those primary eating disorders (e.g., bulimia) as well as psychosocial related 
conditions (e.g., depression, loss of self-esteem) that are increasingly present in obese 
NAFLD patients and may have an important impact on subsequent medical therapy. 
These conditions can affect successful weight management and produce adverse 
health consequences in their own right. In this manner, the clinical examination 
includes the usual elements of patient history and physical conditions as well as the 
recognition of comorbid conditions and diseases that are more prevalent in NAFLD 
patients, which are necessary to accomplish this goal.
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At the beginning, after undergoing short- and long-term multidisciplinary ther-
apy, the patients must be evaluated in all parameters included in the medical screen-
ing organogram presented in Figure 8.1. During the routine, the patients visit the 
clinician once a month.

8.2.2.1.1 � Anthropometric and Body Composition Measurements
At the beginning and throughout the course of treatment, the weight, height, and 
body mass index, calculated as body weight (wt) divided by height (ht) squared  
(wt/ht2), plus anthropometric measurements of the subjects must be recorded. 
Body composition may be estimated by plethismography in the BOD POD body 

Clinical plan 

Anthropometric, body composition 
measurements, blood pressure, and 

serum analysis

Evaluation of
visceral, subcutaneous, and 

hepatic fat 

Main goals of clinical therapy 

Ponderal weight loss 
Fatty liver reduction 

Hepatic transaminase control 
Visceral fat reduction 

Insulin sensitivity improvement 
Metabolic syndrome control 

Proinflammatory cytokine control 

Ultrasonography Magnetic resonance

Medical screening 

Pubertal stage

Computerized
tomography

Changes in lifestyle and 
individual clinical strategies 

FIGURE 8.1  Organogram of clinical plan to be established at baseline and after short- and 
long-term multidisciplinary therapy.
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composition system. The advantage of this method over dual-energy x-ray absorp-
tiometry is that it allows the operator to estimate the body compositions of patients 
with larger body habitus (up to 140 kg); however, it does not incorporate the mea-
surement of body fat distribution (Fields et al., 2004). Considering the limitations 
as well as variations between body compositions, it is suggested to use two or three 
methods in the same subjects as part of the multidisciplinary therapy. The choice 
of method, naturally, depends on the objectives that the health team wants to attain 
during disease control.

8.2.2.1.2 � Laboratory Studies
Based on the clinical history and a physical examination, laboratory testing is often 
driven by clinical suspicion. A fasting blood sample should be part of the rou-
tine screening panel for insulin resistance, hypothyroidism, dyslipidemia, hepatic 
transaminases altered profile [alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), and g-glutamyl transferase (GGT)], as well as other risks for inflamma-
tory processes related to NAFLD, including proinflammatory [tumor necrosis factor 
a (TNF-a), leptin, protein C reactive, interleukin-6] and anti-inflammatory cytokine 
profiles (adiponectin), which contribute to the knowledge about NAFLD develop-
ment and control (Schwimmer et al., 2003). Blood samples for all these analyzed 
parameters must be repeated after short- and long-term therapy.

8.2.2.2 �NAFLD  Image Diagnostic
8.2.2.2.1 � Hepatic Steatosis, Visceral, and Subcutaneous 

Adiposity Measurements
NAFLD diagnosis and treatment can be accomplished by laboratory methods, includ-
ing US, computerized tomography (CT), and magnetic resonance (MR). Although 
CT and MR offer somewhat smaller errors in hepatic and visceral fat estimations 
compared to US, this method is more useful in clinical routines because of its low 
cost and easy application. Future studies using these methods in the same NAFLD 
patients are essential for the proper assessment of compositional change with weight 
loss in a clinical trial (Saadeh et al., 2002; Dâmaso et al., 2008).

8.2.3 �P sychological Therapy

A diagnosis must be established via validated questionnaires considering some 
psychological problems caused by obesity and MS described in the literature, such 
as depression, disturbances of body image, anxiety, and decrease in self-esteem. 
Considering the high prevalence of obese patients with NAFLD (about 60%), these 
questions were included as part of the therapy for all subjects in treatment (de Piano 
et al., 2007). During the multidisciplinary intervention, the psychologist must dis-
cuss with patients about body image and eating disorders (e.g., bulimia, anorexia 
nervosa); binge eating, their signals, symptoms, and consequences for health; the 
relation between feelings and food; familiar problems such as alcoholism; and other 
important topics to improve each behavior disturbance related to obesity, MS, as well 
as NAFLD.
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An individual psychological therapy was recommended when behavior and nutri-
tional problems were identified. After both short- and long-term multidisciplinary 
therapy and 12 months of intervention, patients must be reevaluated. Figure 8.2 
shows the psychological algorithm suggested for this type of intervention.

Eating disorders and
body image

questionnaires 

Detailed clinical
and behavior history  

Main goals of psychological
therapy  

Improve feelings, self-esteem, body
image perception, eating disorders,

and familiar relationships   

Bulimic Investigation
Test Edinburgh (BITE)  

Binge Eating Scale
(BES)  

Body Shape
Questionnaire (BSQ)  

Psychological plan 

- Profile of Mood States (POMS): anxiety-tension,
depression, anger-hostility, fatigue, vigor, and mental
confusion 

- BECK Depression Inventory (BDI): depression symptoms 

- Spielberg State-Trait Anxiety Inventory (STAI): anxiety 

-  Quality of Life Investigatory SF-36: quality of life 

Anxiety, life quality, and depression
questionnaires 

FIGURE 8.2  Organogram of psychological plan to be established at baseline and after 
short- and long-term multidisciplinary therapy.
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8.2.4 �E xercise Therapy

The main aim of exercise therapy is to promote lifestyle changes to motivate NAFLD 
patients to incorporate physical activity into their regimen as well as maintain a 
negative energy balance and, consequently, stable weight loss.

An exercise program should be realistic and should focus on long-term weight 
loss after inquiring about the medical background, exercise history, and preferences 
of the subject. NAFLD patients may need a personalized aerobic training and/or 
one composition session with aerobic exercise plus resistance training, including a 
60-minute session, three times a week (180 min/week), under the supervision of a 
sports therapist. Each program needs to be based on the results of an initial oxygen 
uptake test for aerobic exercises (cycle ergometer and treadmill). The intensity may 
be set at a workload corresponding to a ventilatory threshold of 1 (50–70% of oxygen 
uptake test) according to recommendations on the type and amount of physical activ-
ity that will produce health benefits, focusing on the idea of accumulating moderate-
intensity activity throughout the day (Matsudo and Matsudo, 2006).

At the end of short- and long-term multidisciplinary therapy, aerobic tests must 
be performed to assess physical capacities and adjust the physical training intensity 
for each individual. During aerobic and resistance sessions, the patient’s heart rate 
needs to be monitored. The suggested exercise program was based on the American 
College of Sports Medicine (2001) recommendations. Information about lifestyle 
changes related to activity must also ensure that routine physical activity (walking, 
stair climbing, etc.) is encouraged.

In NAFLD and MS management, it was suggested that patients have theories of 
relationship between exercise effects and these diseases. Table 8.1 identifies the main 
topics to be encouraged in exercise classes.

Figure 8.3 shows exercise therapy as a suggested organogram.

TABLE 8.1
Main Exercise Topics Suggested for MS and NAFLD Long-Term 
Multidisciplinary Intervention

Exercise Class Themes

  1 General concepts for lifestyle changes

  2 Hormonal regulation of energy balance

  3 Different exercises and energy expenditures

  4 Aerobic vs. strength training effects on obesity and comorbidities

  5 Effects of exercise and nutrition on MS control

  6 Effects of exercise and nutrition on NAFLD control

  7 Effects of exercise and nutrition on immune system

  8 Effects of exercise and nutrition on type II diabetes control

  9 Effects of exercise and nutrition on weight loss management

10 Effects of exercise and nutrition on eating disorders

11 Yo-yo effects of rapid weight loss

12 Short- and long-term effects of exercise and nutrition on obesity and comorbidities
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8.2.5 �N utritional Therapy

As described at the beginning of this chapter, considering the strong association 
among obesity, MS, and the development of NAFLD, management strategies in 
the prevention and treatment of these diseases need to be based on a long-term 

Resting metabolic rate Body composition
evaluation 

Main goals of exercise therapy

Improve the lipid oxidation and profile,
resting metabolic rate, insulin sensitivity,

cardiorespiratory functions, hormonal
regulation of energy balance, and body

composition      

Dual energy x-ray
absorptiometry (DEXA)  

Pletismography
 (BOD POD) 

Hydrostatic weighting 

Ergospirometry: ventilatory threshold I test
1 maximum repetition test: intensity of resistance training =

(60 to 70% of maximum repetition)   

Exercise program 

Electrocardiogram, ergospirometry,
and maximum repetition test of
inferior and superior members   

FIGURE 8.3  Organogram of exercise program to be established at baseline and after short- 
and long-term multidisciplinary therapy.
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multidisciplinary therapy including all associated comorbidities. The nutritional plan 
must consider strategies to promote gradual weight loss, glycemic control, reduction 
in low-density lipoprotein cholesterol (LDL-c), triglycerides, and very low-density 
lipoprotein cholesterol (VLDL-c) serum concentrations, mainly reduction in visceral 
adiposity. A recent study verified the correlation between visceral fat accumulation 
with increased degree and risk of developing NAFLD (Dâmaso et al., 2008).

Dietary standards recommend specific nutrients, but not the foods that contain 
them. To apply these standards to food choices, a better plan with options in terms 
of food groups or exchange lists is needed to support the patients in relation to which 
nutrients they require. The most commonly used tool in planning the daily menu 
is the food guide pyramid. Nutritional intervention is essential in evaluating food 
intake, deficiencies, or excess nutrients. Most methods of evaluating dietary intake 
involve different tools, such as 24-hour recall, 3-day food diary, food frequency, and 
diet history (Table 8.2).

A nutritional plan must be based on the levels recommended by the Dietary 
Reference Intake (DRI) according to age and gender (National Research Council, 
2002). Patients with NAFLD and MS need to be encouraged to reduce their food 
intake and follow a balanced diet.

At the beginning of a multidisciplinary approach, diet history, 24-hour recall, 
3-day dietary record, and food frequency questionnaires should be completed by 
each patient. It is important to observe that obese people can underreport their food 
consumption. The degree of underreporting may be substantial. However, this is a 
validated method to evaluate nutrition consumption (Hill and Davis, 2001). Portions 
need to be measured in terms of familiar volumes and sizes and with reference to an 
atlas of local food portions. These dietary data must be fed into a computer by the 
same dietician; thus, nutrient composition is analyzed by a computerized nutritional 
program to establish an adequate meal plan.

For NAFLD and MS control, it was suggested that patients undergo weekly 
dietetics lessons (food pyramid, recordatory inquiry, weight loss diets, diet vs. light, 

TABLE 8.2
Nutritional Tools to Identify Eating Patterns in NAFLD and MS Patients

Method Definition

24-Hour recall   Conducted by a trained interviewer who asks the individuals to recall exactly 
what they ate in the preceding 24-hour period.

Food diary   Individuals are instructed to record all food and drink they consume during a 
defined period ranging from 1 to 7 days. At least one weekend should be included 
since most people eat differently.

Food frequency   Presents a list of foods or food categories. Individuals respond to questions from 
a trained observer regarding how often each food is consumed per day, week, or 
month.

Diet history   A typical diet history could include some essential questions, such as familiar 
diseases history, age beginning to gain weight, habits foods, and all information 
to provide a more accurate picture of the individual’s typical intake.
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fat and cholesterol, nutrition facts) (de Piano et al., 2007). Table 8.3 shows the main 
topics suggested for nutritional classes in the treatment of MS and NAFLD.

Finally, complementary nutritional intervention must be improved by holding 
practical classes in an experimental kitchen to stimulate NAFLD patients to prepare 
their foods, introduce variety in their diet, and adopt habits that promote best life 
quality for a long time. However, treatment of NAFLD depends on the character-
istics of each patient and may reflect the end results obtained after therapy. Thus, 
individual nutritional plan are an important tool in the management of NAFLD and 
MS. The organogram of a diet plans is illustrated in Figure 8.4.

Studies have shown that restrictive diets can aggravate NAFLD; they are associ-
ated with higher inflammation and degree of fibrosis in the liver because these diets 
promote a quick and intense weight loss through a high influx of free fatty acids to 
the liver (Bellentani et al., 2008). Another point that must be evaluated in diet com-
position is that both excessive carbohydrate and excessive fat intake could play a role 
in increasing blood glucose, free fatty acids, or insulin concentrations, independently 
or simultaneously (Zivkovic et al., 2007).

8.2.5.1 �E stablishing a Meal Plan
8.2.5.1.1 � Calories
A proper nutritional plan must be individualized according to nutritional necessity and 
energy expenditure. A target of 5–10% of baseline weight is often used as an initial 
weight loss goal. According to the literature, every 0.250 kg of fat mass is equivalent  

TABLE 8.3
Main Nutritional Topics for MS and NAFLD Long-Term  
Multidisciplinary Intervention

Nutritional Classes Themes

  1   Food guide pyramid, portion sizes, behavior food habits, and food as a social 
phenomenon

  2   24-Hour recall (identifying potential problems)

  3   Obesity and the “miracle diets”

  4   Fat intake (types, sources, and substitute foods)

  5   Food labels, dietetic, free fat, and low-calorie foods (food marketing and 
advertising)

  6   Fast-food calories and nutritional compositions

  7   Good nutritional choices on special occasion (parties, barbecues, holidays, 
and vacation)

  8   Healthy sandwiches (practical class in an experimental kitchen)

  9   How to fill out the 3-day food diary

10   Shakes and products promoting weight loss

11   Functional food

12   Decisions about food choices (what are your nutritional goals and what 
information is needed to achieve your nutritional goals?)
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to 3500 kcal. Thus, to achieve a weight loss of 0.500–1 kg/week, it is necessary to 
promote an energetic deficit of 1000 kcal/day (0.500 kg = 1000 kcal ´ 7 days/week) 
(Melby and Hickey, 2006). First of all, it is necessary to calculate the energy expen-
diture and the average energy consumption by 3 days’ recordatory. Next, the nutri-
tionist needs to calculate the energy intake by subtracting 500–1000 kcal from the 
estimated total daily calories previously calculated (using specific formulas accord-
ing to age and gender), always incorporating new adequate food habits and stimulat-
ing an increase in the energy expenditure by a change in physical activity.

Dietetic plan 

Detailed clinical
and diet history  

Evaluation of
food consumption 

24-Hour recall Food frequency 3-Day food diary 

Anthropometric, body composition
measurements, and serum analysis 

Goals
BMI: 18.5–24.99 kg/m2 
Glycemia: 60–100mg/dL 
Insulin: < 20 µU/mL
HOMA-IR: < 2.0 
HDL: > 40 (men) and > 50 (women) 
LDL: < 130 mg/dL 
VLDL: < 10–50 mg/dL 
TG: 33–129 mg/dL 
ALT:  10–35 U/L 
AST:  10–40 U/L
GGT:  17–30 U/L 

Changes in lifestyle and
individual diet prescription  

FIGURE 8.4  Organogram of a dietetic plan to be established at baseline and after short- and 
long-term multidisciplinary therapy.
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For example, according to the DRI (2002) specific formula, using the individual 
anthropometric measurements (including height and ideal average weight) and age:

8.2.5.1.2 � Carbohydrates
Solga et al. (2004) showed that high carbohydrate intake was associated with greater 
levels of inflammation in obese patients with NAFLD. High carbohydrate intake, 
mainly sucrose, glucose, fructose, and foods with a high glycemic index, cause an 
increase in de novo lipogenesis, which leads to an increased conversion of glucose 
to fatty acids. Indeed, high glycemic index carbohydrates lead to a quick increase 
with a subsequent decrease in insulin levels and an increase in glucagon and ghrelin, 
which are orexigenic hormones (Zivkovic et al., 2007).

The glycemic index describes the difference in the impact of ranking carbohy-
drates on the body according to their effects on blood glucose levels. A low glycemic 
index carbohydrate, which produces small fluctuations of blood glucose and insulin 
levels, is an important and coadjuvant tool in promoting long-term health, reducing 
the risk of NAFLD and improving some parameters of MS (Anderson et al., 2004).

The glycemic effect of foods depends on a number of factors: type of starch (amy-
lose vs. amylopectin), fat, protein, and organic acid content of the food, as well as 
salts in the meal. Although food rich in lipids can present a low glycemic index, 
ingestion of this type of food must be limited. To control NAFLD and MS, it is 
important to evaluate the glycemic index and the glycemic load, which represents the 
effect on blood glucose considering the quantity and quality of carbohydrate amount 
per serving (Table 8.4).

Patients’ diets must include foods rich in fiber, particularly soluble fiber dissolved 
in water. This type of fiber is very viscous when dissolved in the stomach and slows 

TABLE 8.4
Reference Values to Glycemic Index and Glycemic Load Classifications

Glycemic Index Glycemic Load

High     ≥ 70     ≥ 20

Medium 56–69 11–19

Low     ≤ 55     ≤ 10

Source:	 University of Sydney, Glycemic Index, www.glycemicindex.com.

Macronutrient Distribution

First step: Considering that basal energy expenditure (BEE) = 1800 kcal

Second step: �Multiply by the appropriate activity factor: BEE ´ 1.3 (light activity) = 1800 kcal  
´ 1.3 = 2340 kcal

Third step: �Subtract 500–1000 kcal to create a deficit predicting 0.5–1 kg of weight loss per week 
= 2340 – 1000 = 1340 kcal/day
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down the speed of digestion in the digestive tract, stabilizing blood glucose and 
insulin levels. The ideal amount of fiber required for NAFLD treatment has yet to 
be defined, but according to the American Diabetes Association (2004), the recom-
mended total daily fiber intake is 25–30 g, of which 20–30% should come from 
soluble fiber.

Recently, the effects of high-fiber and low-glycemic index carbohydrates on gly-
cemia and lipid profile were described in a meta-analysis (Anderson et al., 2004). In 
this manner, the choice of healthy sources of carbohydrates might be responsible for 
the beneficial effects on NAFLD and MS patients (Esposito et al., 2004).

8.2.5.1.3 � Proteins
There is little information on the effect of protein quantity, quality, and composition 
on the pathophysiology of NAFLD and NASH. However, it is known that protein 
deficiency or malnutrition can cause steatosis. A normoproteic diet, representing  
15–20% of the total energy intake, is therefore recommended (Zivkovic et al., 2007).

8.2.5.1.4 � Saturated Fats
High saturated fat intake is associated with liver dysfunction caused by an increased 
production of reactive oxygen species, which leads to damage in the mitochondria 
of hepatocytes. In fact, lipotoxicity caused by long-chain fatty acids has been impli-
cated in the development of numerous obesity-related diseases, including NAFLD. 
Indeed, high saturated fat intake (more than 10% of total energy) promotes insulin 
resistance, which plays a key role in the NAFLD genesis. Therefore, these data sug-
gest that saturated fat intake must be limited in NAFLD patients (Cave et al., 2007).

However, the literature is rather unclear about the exact minimum amount of satu-
rated fat intake that should be recommended to promote beneficial effects. Clinical 
evidence suggesting that this nutrient intake should be < 7% of total energy and > 10%  
of energy may be suboptimal for NAFLD patients (German and Dillard, 2004).

8.2.5.1.5 � Monounsaturated Fatty Acids
Oleaginous, olive oil, nuts, and avocados are good sources of monounsaturated fatty 
acids (MUFAs). Studies have demonstrated their beneficial effects on cardiovascular 
disease risk factors and blood lipid profiles. In patients with type II diabetes, this type  
of fatty acid reduces VLDL-c and triacylglycerol without reducing high-density lipo-
protein cholesterol (HDL-c), suggesting that an MUFA-rich diet could bring benefits 
to NAFLD patients (Rodriguez-Villar et al., 2004).

8.2.5.1.6 � Polyunsaturated Fatty Acids
Low hepatic n-6 and n-3 polyunsaturated fatty acids (PUFAs) may contribute to 
steatosis and steatohepatitis and can be affected by diet and oxidative stress (Allard 
et al., 2008).

The two series of PUFAS, n-3 and n-6, and their derived products, are provided 
in cis-linoleic and linolenic acids, respectively. The main compounds of PUFA are 
arachidonic acids derived from n-6, and docosahexaenoic acids and eicosapentanoic 
derived from n-3. These nutrients present an anti-inflammatory action by decreasing 
the inflammatory mediators (Martin et al., 2006).
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The ratio of n-6 to n-3 fatty acids seems to be important in determining the effect 
of PUFAs on various lipid and nonlipid indexes. The main sources of n-3 are fish and 
fish oil, and good sources of n-6 are vegetable oils. It was verified that 1–2 g of fish 
oil/day supplementation promotes decreased blood triacylglycerol, hepatic enzymes, 
fasting glucose, TNF-α, and steatosis regression in NAFLD patients (Capanni et 
al., 2006; Spadaro et al., 2006). These data suggest that consumption of n-3 fatty 
acids found in fish oils and walnuts is likely to improve blood lipid profiles and 

TABLE 8.5
Different Dietetic Plans for NAFLD Control and Their Effectiveness in Some 
Clinical Parameters

Authors Diet Results

Yamamoto et al. (2007)   126 kJ/kg/day of energy, a fat 
energy fraction of 20%, ≤ 6 mg/day 
iron, and 1.1–1.2 g/kg/day of protein

  ↓ ALT, AST, ferritin, body weight, 
BMI 

Capanni et al. (2006)   1 g fish oil/day supplementation for 
12 months

  ↓ blood triacylglycerol 
concentrations, hepatic enzymes, 
fasting glucose, and steatosis in 
NAFLD

Spadaro et al. (2006)   2 g fish oil/day supplementation for 
6 months

  ↓ blood triacylglycerol 
concentrations, hepatic enzymes, 
TNF-α, and steatosis regression

McAuley et al. (2005)   < 20% carbohydrate, 25–30% 
protein, 55–65% fat, 20% saturated, 
10% MUFA, 300–600 cholesterol

  ↓ body weight, waist 
circumference, insulin sensitivity, 
triacylglycerol, and ↑ steatosis, 
total cholesterol, and LDL

Huang et al. (2005)   40–45% from carbohydrates, with 
emphasis on complex carbohydrates 
with fiber; 35–40% from fat with 
emphasis on monounsaturated and 
polyunsaturated fats; 15–20% from 
protein for 12 months

  Histological improvement in 60% 
of NASH patients

Daubioul et al. (2005)   Oligofructans given for 8 weeks   ↓ ALT and serum insulin

Esposito et al. (2004)   50–60% carbohydrates, 15–20% 
protein, and total fat = 30%

  ↓ Body weight, BMI, waist 
circumference, inflammatory 
markers, glucose, total cholesterol, 
triacylglycerol, and insulin 
resistance, as well as improving 
endothelial function and ↑ HDL-c 
concentrations

Solga et al. (2004) Diet with higher carbohydrate intake Higher odds of inflammation

Note:	 Clinical results from different dietetic plans.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; HDL-c, 
high-density lipoprotein; LDL, low-density lipoprotein; NAFLD, nonalcoholic fatty liver disease; 
TNF-α, tumor necrosis factor α; NASH, nonalcoholic steatohepatitis.
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reduce inflammation, steatosis, and liver damage in NAFLD patients (Zivkovic et 
al., 2007).

8.2.5.1.7 � Trans Fatty Acids
Trans fatty acids can be naturally found in dairy products as a result of bacterial 
metabolism in ruminant animals and industrialized foods—margarines, biscuits, ice 
creams, some breads, fried potatoes (fast food), cake shops, cakes—as a result of 
hydrogenation (Chiara et al., 2003).

It is essential to note that the trans fatty acids used in food processing act as 
risk factor to cardiovascular diseases, increased inflammatory markers, induced 
endothelial dysfunction and a worse blood lipid profile, increases in the LDL-c, 
and decreases in the HDL-c. Based on these findings, in 2006 the Food and Drug 
Administration ruled that manufactured foods are required to include the content of 
trans fatty acids on nutrition labels according to serving portion. The recommenda-
tion urges consumers to avoid the intake of trans fatty acids of less than 2 g/day.

Several studies featuring different diets for the treatment of MS and NAFLD offer 
better choices in nutritional therapy, considering the initial screening each patient 
presents at the beginning of the therapy. Table 8.5 shows the diet composition and 
its results.

In a previous study, visceral fat was defined as a good predictor of NAFLD devel-
opment (Dâmaso et al., 2008). In fact, a positive correlation was observed among 
energy intake, lipid consumption (%), and saturated fatty acid ingestion with visceral 
fat accumulation in obese adolescents with NAFLD (data not shown). These findings 
suggest that diet composition has a strong influence on the genesis and treatment of 
NAFLD because excessive saturated fatty acid intake is a determining factor in the 
increase of the prevalence of NAFLD. In consideration of these facts, the nutritional 
plan must be based on a balanced and individualized diet, giving priority to complex 
carbohydrates, including fiber, and decreasing lipid consumption, mainly the sources 
of saturated fatty acids (Tables 8.6 and 8.7).

TABLE 8.6
Suggested Nutritional Plan for Prevention and Treatment of NAFLD and MS

Nutrients Description

Calories Basal energy expenditure ´ activity factor – 1000 kcal

Carbohydrates 45–60% of total energetic value, mainly from grains, fruits, and vegetables

Fibers 25–30 g (about 20–30% = soluble fiber)

Proteins 10–20% of total energetic value

Lipids 20–30% of total energetic value

Saturated fats < 7% of total energetic value

Monounsaturated fats 10% of total energetic value

Polyunsaturated fats 10 % of total energetic value

Trans fatty acids < 2 g/day

Dietetic cholesterol < 200 mg
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8.2.6 �P ractical Applications

It is important to note that, based on our understanding of the disease pathogenesis, it 
seems logical that a multidisciplinary approach to addressing the underlying MS and 
obesity is required to effectively treat patients with NAFLD and serves as a potential 
weapon in our line of defense against correlated diseases.

8.3 �S ummary Points, Policy Makers,  
and Future Research

NAFLD should be recognized as part of MS and should be managed by a ·	
multidisciplinary approach addressing liver disease in the context of risk 
factors for diabetes and premature cardiovascular disease.
Lifestyle changes are the first line and mainstay of management. The basal ·	
universal approach consists of clinical, nutritional, exercise, and psycho-
logical counseling.
It is important to identify the cutoff points of visceral fat on NAFLD and ·	
MS development as well as the relation to proinflammatory cytokines, with 
the aim of creating new clinical and nutritional strategies in the prevention 
and treatment of these diseases and their comorbidities.
Future research is needed to discover possible specific liver drugs and deal ·	
with NAFLD and comorbidities related to obesity, MS, and associated 
chronic diseases, especially during the early stages of life.
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9.1 � Introduction

Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of the meta-
bolic syndrome and is currently among the most prominent causes of chronic liver 
disease in the United States, being found in up to 30% of the general population 
(Browning et al., 2004). Although most patients with simple liver steatosis will not 
progress, an NAFLD subtype with inflammatory features, coined nonalcoholic  
steatohepatitis (NASH; estimated to affect 5% of the general population), does pro
gress to cirrhosis and its complications.
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FIGURE 9.1  Mechanisms of insulin resistance and NAFLD establishment. (A) The increase 
in dietary carbohydrates leads to insulin resistance and the increase of muscle-derived glu-
cose efflux to the liver where it is transformed into free fatty acids (FFA) and triglycerides 
(TG). In a complementary fashion, (B) the increase in fat intake increases FFA both directly 
and through the adipose tissue, thus ultimately increasing liver TG.
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Insulin resistance is considered a key factor in the development of NAFLD and 
NASH, as illustrated in Figure 9.1. Overnutrition or an excessive intake of carbohy-
drate and/or fat (e.g., an inappropriate diet) are thought to lead to chronically elevated 
glucose, insulin, and free fatty acid (FFA) plasma levels. These diet-induced condi-
tions contribute to the development of resistance to insulin-stimulated glucose uptake 
by the adipose tissue and skeletal muscle as well as resistance to insulin-inhibited 
lipolysis in the adipose tissue. The resistance to insulin inhibition of lipolysis in the 
adipose tissue and the continuous stimulation of lipoprotein lipase–mediated hydro-
lysis of fats ultimately lead to an increased FFA flux to the liver. Glucose uptake in 
the liver is insulin independent, and increased glucose concentrations in the blood 
lead to the shunting of glucose to the liver, where it is converted to either glycogen 
or FFA through insulin-stimulated de novo lipogenesis, and to the stimulation of the 
production of free cholesterol. As a result, the triacylglycerols and cholesterol esters 
accumulate in the liver. In healthy individuals, elevated lipid concentrations in the 
liver lead to increased very low density lipoprotein (VLDL) production and secretion, 
whereas the impairments in lipid export via VLDL secretion, β oxidation of FFA, 
or other metabolic pathways observed in patients with NAFLD result in an inability 
to maintain fat balance and prevent fatty liver. The current “two-hit hypothesis” of 
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FIGURE 9.2  Inflammatory features of the metabolic syndrome. In obese subjects, mature 
adipocytes (1) secrete inflammatory mediators (e.g.., TNF-a), which (2) stimulate the produc-
tion of monocyte chemotactic protein 1 (MCP-1) by preadipocytes. MCP-1, in turn, (3) acts to 
recruit macrophages, which secrete proinflammatory cytokines such as TNF-α, interleukin 
6, and interleukin 1β. These mediators help perpetuate the mechanism by (4) stimulating 
adipocytes while also (5) act on hepatocytes to increase glucose production, inflammatory 
mediators, and prothrombotic molecules. Lastly, macrophage-derived cytokines activate 
liver-resident stellate cells (6) and Kupffer cells (7) to induce fibrosis.
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NASH onset states that the lipid accumulation in the liver constitutes the first hit 
(Day and James 1998), whereas oxidative stress from mitochondrial reactive oxygen 
species with lipid peroxidation would produce the second hit, thus ultimately leading 
to the secretion of proinflammatory cytokines and stellate cell activation. Moreover, 
other mechanisms may also be implicated and include inflammation (Figure 9.2). 
The increased secretion of tumor necrosis factor α (TNF-α) and other proinflamma-
tory cytokines may be also originated from adipocytes and infiltrating macrophages 
as suggested by the resulting systemic inflammation as well as obesity-associated 
insulin resistance (Diehl, 2004). From a nutritional standpoint, however, it is impor-
tant to note the different impact of single dietary components (summarized in Table 
9.1) on the onset of NAFLD and NASH.

9.2 �R ole of Individual Dietary Components on 
the Development of NAFLD and NASH

9.2.1 � Saturated Fatty Acids

Saturated fatty acids (SFAs) are known to promote endoplasmic reticulum stress 
as well as hepatocyte injury in rat models and their daily intake correlates with 
the risk of cardiovascular disease (Lichtenstein, 2006), thus suggesting that such an 
intake should be limited in NAFLD patients. It is not clear, however, what saturated 
fat intake should be recommended. We cannot exclude the existence of a threshold 
intake below which adverse effects may occur or that a minimum SFA intake may 
be essential to health, yet current data encourage us to limit SFA to constitute 7–10% 
of daily energy intake in patients with NAFLD.

TABLE 9.1
Effect of Macronutrients and Correlated Foods on Major Metabolic 
Syndrome Features

Food Action

SFA Lard, butter, coconut oil, palm oil ↑ LDL

MUFA Olive oil, nuts, avocados, peanut butter, peanut oil ↓ LDL
↓ Triacylglycerol
↑ HDL

PUFA (n-3) Fish oil, walnuts, salmon, shellfish ↓ FFA, glucose, insulin
↓ Triacylglycerol, LDL
↑ HDL
↓ TNF-α

Trans-fatty acid Fast foods, baked goods, deep fried foods, margarine ↑ LDL
↑ Inflammatory markers

Fiber Whole grains, fruits, and vegetables ↑ Insulin resistance
↓ LDL, triacylglycerol

Fructose Sweetened drinks, sodas, candy ↓ Insulin resistance
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9.2.2 � Monounsaturated Fatty Acids

Monounsaturated fatty acids (MUFAs) significantly decrease oxidized low-density 
lipoprotein (LDL), LDL cholesterol, total cholesterol, and triacylglycerol concen-
trations but do not lead to a decrease in high-density lipoprotein (HDL) as seen 
with general low-fat diet (Kris-Etherton et al., 1999). In clinical practice, a diet rich 
in MUFA, particularly if poor in SFA and carbohydrates, should be encouraged in 
patients with NAFLD.

9.2.3 �P olyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFAs) include essential n-6 and n-3 fatty acids such 
as α-linolenic acid, which is a precursor for the long-chain docosahexaenoic acid 
and eicosapentaenoic acid. Deficiencies in essential fatty acids may be involved in 
the development and progression of NAFLD (Werner et al., 2005) by decreasing 
lipid export from the liver. PUFAs from fish oil ultimately decrease the risk of heart 
disease and the severity of NAFLD as well illustrated by Dr. Puder elsewhere in 
this book. Similarly, a diet rich in walnuts is rich in α-linolenic acid and leads to 
increased plasma HDL and decreased plasma LDL in patients with diabetes (Tapsell 
et al., 2004) and hypercholesterolemia (Ros et al., 2004).

9.2.4 � Trans-Fatty Acids

Trans-fatty acids (TFAs) are characterized by at least one double bond in the trans 
configuration formed during the hydrogenation of either vegetable or fish oils for plas-
ticity and chemical stability in the food industry. Hydrogenated oils have been found 
to increase inflammatory markers, induce endothelial dysfunction, and increase the 
LDL/HDL and triacylglycerol/HDL ratios (Mozaffarian, 2006). In the absence of 
solid data, we may hypothesize that TFAs from hydrogenated oils should be mini-
mized in NAFLD patients.

9.2.5 �C arbohydrates and the Glycemic Index

Glycemic index (GI) is a ranking of carbohydrates on a scale from 0 to 100 according 
to the extent to which they raise blood sugar levels after ingestion. High-GI foods 
are rapidly digested and absorbed and result in marked fluctuations in blood sugar 
levels, whereas low-GI ones are characterized by a slow digestion and absorption 
leading to gradual rises in blood sugar and insulin levels. In 1999, the World Health 
Organization and the Food and Agriculture Organization recommended that people 
in industrialized countries base their diets on low-GI foods to prevent coronary heart 
disease (CHD), diabetes, and obesity. To improve the reliability of predicting the 
glycemic response of a given diet, glycemic load has been proposed to take into 
account the effect of a typical amount of carbohydrates in a portion on blood levels. 
The glycemic load of a food is the product of the GI of the food and the amount of 
carbohydrate in a serving. Given the close relation among obesity, diabetes mellitus, 
the metabolic syndrome, and the development of NAFLD, it seems reasonable to 
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conclude that a low-GI and low-glycemic load diet should be encouraged in patients 
with insulin resistance and NAFLD.

9.2.6 �F iber

Dietary fibers are the indigestible portion of plant foods and can be water-soluble or 
water-insoluble. The latter (cellulose, lignans) has passive water-attracting properties 
that increase the bulk, soften stools, and shorten the intestinal transit time. Soluble 
fiber (pectins, natural gums, inulins) undergoes metabolic processing via fermenta-
tion in the large intestine, producing gas and short-chain fatty acids. Fermentable 
fiber reduces blood levels of LDL cholesterol, triacylglycerol, and glucose, and a 
recent meta-analysis demonstrated the effects of a high-fiber diet on reducing the 
glycemic response and cholesterol levels in patients with diabetes (Anderson et al., 
2004). Taken together, the available data support the advice of a high-fiber diet in 
patients with NAFLD and insulin resistance.

9.2.7 �F ructose

Most soft drinks are sweetened with sugars such as sucrose or high-fructose corn 
syrup, both containing 50–55% fructose. The worldwide consumption of sugar-
sweetened soft drinks has been increasing throughout the past decades, rising from 
3.9% of total energy intake in 1977 to 9.2% of total energy intake in 2001, and 
this has been associated with weight gain (Schulze et al., 2004). These drinks are 
typically consumed as additional calories and lead to an excess 150–300 kcal daily 
intake, thus contributing to the onset of the metabolic syndrome. The administration 
of an 18-day diet with 25% of total energy as sucrose results in a rise in aminotrans-
ferase levels (Porikos and Van Itallie, 1983), and an increased fructose intake may 
result in an increased lipid accumulation in the liver along with insulin resistance 
and elevated plasma triacylglycerol levels. A recent study on animals demonstrated 
that chronic fructose consumption led to fatty liver development and increased endo-
toxin levels in portal plasma and that concomitant treatment of fructose-fed mice 
with nonresorbable antibiotics blocked hepatic lipid accumulation (Bergheim et al., 
2008). Patients with NAFLD manifest increased liver fructokinase levels compared 
to controls, and taken altogether, the available experimental and human data strongly 
support the notion that fructose avoidance should be encouraged in the prevention 
and treatment of NAFLD.

9.3 � Practical Applications and Treatment Regimens

To date, no unique treatment regimen has been approved for NAFLD. However, a 
somehow intuitive cornerstone of any strategy in such patients is a significant decrease 
in body weight, and a bewildering array of diets have been recommended for the 
prevention and treatment of the metabolic syndrome while their impact on NAFLD 
remains, in most cases, poorly defined (Table 9.2). We note that all approaches may 
be strengthened by cognitive-behavioral therapies that significantly enhance the 
probability of long-term success of lifestyle and diet changes.
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9.3.1 �D ietary Guidelines

9.3.1.1 �A merican Dietetic Association
The American Dietetic Association (ADA) guidelines are intended for the meta-
bolic syndrome and include a first tier with weight loss and exercise. The former is 
achieved through a suggested 100 kcal reduction of daily energy intake and a reduc-
tion in the intake of total fat, SFA, and trans fat. On the contrary, the ADA advises to 
increase the intakes of PUFA, in particular n-3 fatty acids, and MUFA along with the 
inclusion of plant sterols or stanol esters to reduce intestinal cholesterol absorption 
and, subsequently, LDL cholesterol. A nonsecondary question of the ADA recom-
mendations raises some concern. In fact, we are not convinced of the safety profile 
of increasing the amount of plant stanols or sterols in the diet based on observations 
that only 5% of dietary plant sterols are absorbed, whereas in rare cases, the ability 
of the liver to excrete plant sterols into the bile is impaired. The accumulation of 
plant sterols in the body results in a condition called sitosterolemia associated with 
CHD (Salen et al., 2002) and, without further evidence of the safety profile, high 
intakes of plant sterols should not be recommended for the general population. On 
the other hand, this should be advocated in high-risk patients in whom benefit will 
outweigh potential risks.

9.3.1.2 �A merican Heart Association
According to the American Heart Association (AHA), patients with NAFLD and 
features of the metabolic syndrome should be treated to reduce their risk of cardio-
vascular disease. The AHA guidelines recommend to eat fish twice a week, avoid 
trans fats, limit SFA intake to < 10% of total calories, and limit cholesterol to < 300 
mg/day. In addition, it advises to avoid simple sugars and, on the contrary, to prefer 

TABLE 9.2
Relative Amounts of Nutrients in Major Proposed Dietary Regimens

Diet Carbohydrate 
(%)

Fat 
(%)

Protein 
(%)

SFA 
(%)

MUFA 
(%)

PUFA 
(%)

Cholesterol 
(mg/day)

Fiber 
(g/day)

ADA 55–65 20–30     15  < 10 – –       < 300 –

AHA 50–60 25–35     15 7–10 – –       < 300     25

NCEP I 50–60     30     15  < 10 20 10       < 300 20–30

TLC 50–60 25–35     15    < 7 20 10       < 200 20–30

DASH 50–60 25–35     15    < 7 – – – 20–30

American Diabetic 
Association

55–65 20–30     15    < 7 – –       < 200 20–30

Mediterranean     55     30     15  < 10 15   5         200     20

Ornish 70–75     10 15–20    < 1 – –             5 –

Atkins   < 20 55–65 25–30     20 10   5 300–600       5

Zone     40     30     30     12 10   5 200–300     15

South Beach 10–28 39–62 28–33     12 10   5 200–300     15

Weight Watchers 55–65 20–30     15  < 10 – –       < 300 20–30
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foods with lower GI. The AHA/National Heart, Lung and Blood Institute joint scien-
tific statement on the Diagnosis and Management of the Metabolic Syndrome further 
recommended to decrease the SFA intake to < 7% of total calories, although this 
raises some concerns for reasons previously illustrated.

9.3.1.3 �N ational Cholesterol Education Program
The Step I and Step II National Cholesterol Education Program (NCEP) diets were 
created by the Expert Panel on Detection, Evaluation, and Treatment of High Blood 
Cholesterol in Adults through two subsequent guideline reports, the Adult Treatment 
Panel I and II. The Step I diet was a strategy for the prevention of heart diseases in 
patients with LDL concentration ≥ 160 mg/dL or in those with LDL concentration 
between 130 and 159 mg/dL in the presence of two or more additional risk factors 
(cigarette smoking, hypertension, low HDL, family history of premature CHD, age  
≥ 45 years for men or ≥ 55 for women). This diet restricts total daily fat intake to  
≤ 30%, SFA intake to < 10% of total calories, and cholesterol to < 300 mg/day. The 
Step II diet was then recommended to patients with CHD or who were already fol-
lowing the Step I diet, without achieving the major goals. This diet further restricts 
SFA intake to < 7% of total calories and cholesterol to < 200 mg/day. Currently, the 
Step I diet is still recommended for the general public, whereas the Step II diet has 
been renamed the Therapeutic Lifestyle Changes (TLC) diet.

9.3.1.4 �T herapeutic Lifestyle Change
As mentioned above, the ATP II recommendations for lifestyle approach to reduce 
the risk of CHD has been designated TLC. This includes a decrease in SFA to 7% 
of daily calories, a reduction in total fat intake to 25–35% of daily calories and daily 
cholesterol to < 200 mg, intake of PUFA up to 10% of daily calories and MUFA up 
to 20% of total calories, intake of carbohydrate 50–60% of calories, protein at 15% 
of calories, Na+ < 2400 mg/day, and ultimately balance energy intake and expendi-
ture to maintain the target body weight and prevent further weight gain. If the LDL 
cholesterol goal is not achieved in this manner, other therapeutic options for lower-
ing LDL will include the addition of plant sterols and stanols (2 g/day) and viscous 
and soluble fiber (20–30 g/day). Based on its fat content, the TLC diet should not be 
recommended for patients with NAFLD only.

9.3.1.5 �D ietary Approaches to Stop Hypertension
Dietary Approaches to Stop Hypertension (DASH) recommend a reduction in daily 
sodium intake to 2.4 g and preliminary evidence suggests that this advice may also 
apply to subjects with NAFLD and arterial hypertension (Marchesini et al., 2003).

9.3.1.6 �A merican Diabetes Association
The Medical Nutrition Therapy is important in all three levels of diabetes clinical 
features by preventing its onset, achieving and maintaining its metabolic control, 
and delaying and managing its long-term complications (Bantle et al., 2008). We 
will review below some of the major nutrition recommendations and interventions 
presented by the American Diabetes Association position statement with the cor-
responding levels of evidence also reported. Given the close relationship between 
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diabetes and NAFLD, these suggestions, with some issues that we have previously 
addressed, should be regarded as extremely valuable for patients with NAFLD or 
NASH.

9.3.1.6.1 � Energy Balance, Overweight, and Obesity

	 1.	 In overweight and obese insulin-resistant individuals, weight loss is rec-
ommended by either low-carbohydrate or low-fat calorie-restricted diets, 
which may be effective in the short term (up to 1 year) (A-level evidence).

	 2.	Physical activity and behavior modification are important components of 
all weight loss programs and are most helpful in maintenance of weight loss 
(B-level evidence).

9.3.1.6.2 � Primary Prevention

	 1.	Among individuals at high risk for developing type 2 diabetes, a 7% weight 
loss and 150 min/week of physical activity should be recommended. Dietary 
strategies include a reduced income of calories and fats (A-level evidence). 
Both the Finnish Diabetes Prevention study and the Diabetes Prevention 
Program focused on a reduced intake of calories by reduced dietary fat as a 
dietary intervention. The reduced intake of fats, particularly saturated fats, 
may reduce risk for diabetes both by producing an improvement in insulin 
resistance and promoting weight loss.

	 2.	 Individuals at high risk for type 2 diabetes should be encouraged to increase 
the intake of whole grains (one-half of grain intake) and dietary fiber  
(14 g/1000 kcal) (B-level evidence). Several studies have provided evidence 
for reduced risk of diabetes and insulin resistance with an increased intake 
of fiber and whole grain.

	 3.	At the present status of knowledge, there are not sufficient data to con-
clude that low-GI and low-glycemic load diets reduce the risk for diabetes. 
Nevertheless, low-GI foods should be encouraged (E-level evidence).

9.3.1.6.3 � Secondary Prevention

	 1.	The use of GI and load may provide a limited additional benefit over that 
observed when total carbohydrate alone is considered (B-level evidence). 
Since dietary carbohydrate is the major determinant of postprandial glucose 
levels, low-carbohydrate diets may be the most effective approach to lower-
ing postprandial glucose. However, glucose is the primary fuel used by the 
central nervous system, and the minimum daily requirement for providing 
glucose without reliance on glucose production from ingested protein or fat 
should be set at 130 g. Furthermore, foods containing carbohydrate are an 
important source of many nutrients, including water-soluble vitamins and 
minerals as well as fiber.

	 2.	Limit saturated fat to < 7% of total calories (A-level evidence).
	 3.	 Intake of trans fat should be minimized (E-level evidence).
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	 4.	Limit dietary cholesterol to < 200 mg/day (E-level evidence).
	 5.	Two or more servings of fish per week are recommended (B-level evi

dence).

9.3.2 �P opular Diets and Their Potential Use in NAFLD and NASH

9.3.2.1 � Mediterranean Dietary Pattern
The Mediterranean dietary pattern emphasizes the inclusion of particular foods 
rather than the limitation of specific macronutrients. This diet is characterized by a 
high intake of vegetables, legumes, fruits and nuts, and cereals and a high intake of 
olive oil with a low intake of saturated lipids, a moderately high intake of fish, a low 
to moderate intake of dairy products, a low intake of meat and poultry, and a regular 
but moderate intake of wine. Several recent reviews concluded that adherence to the 
Mediterranean diet leads to improvements in lipoprotein indexes, insulin sensitivity, 
endothelial function, and cardiovascular mortality. A randomized study comparing 
the effects of a Mediterranean diet with a generic low-fat diet demonstrated that in 
the Mediterranean group a higher proportion of patients no longer had features of the  
metabolic syndrome after 2 years of follow-up (Esposito et al., 2004). Similarly, a 
population-based cohort study in Greece reported that a higher degree of adher-
ence to the Mediterranean diet was associated with a reduction in total mortality, 
CHD, and cancer without significant associations with food groups contributing to 
the Mediterranean diet score (Trichopoulou et al., 2003). It is likely that individual 
components may have a limited impact that emerges only when the components are 
integrated together. There seems to be convincing cumulative evidence that the com-
bination of high MUFA and high fiber intakes, a low GI, and the emphasis on lean 
protein sources may also be a good option in patients with NAFLD. In addition, the 
Mediterranean diet is easy to understand and follow and is highly palatable, which 
may lead to a higher adherence among dieters in the long term.

9.3.2.2 �O rnish Diet
The Ornish diet is a vegetarian diet containing 10% of calories from fats. The diet 
allows the unlimited consumption of fruits, vegetables, grains, beans, and legumes 
and restricts the intake of all meats (including fish), oils and fats, nuts, avocados, 
dairy products, sugar, simple carbohydrates, and alcohol. Multiple studies reported 
the effectiveness of the Ornish diet in preventing and even reversing coronary dis-
ease (Ornish et al., 1998). On the other hand, one of the main criticisms in using the 
Ornish diet in NAFLD treatment is the severe restriction of all fats, including n-3 fats 
and MUFAs, which have been associated with improvements in metabolic measures 
related to NAFLD. Furthermore, this diet may be too drastic and limiting for most 
patients in the long term, thus making its long-term impact less significant.

9.3.2.3 �A tkins Diet
The Atkins diet is a low-carbohydrate diet with high protein and high fat intake. 
More specifically, carbohydrate intake is limited to 20 g/day during the first 2 weeks, 
whereas it is later gradually increased by 5 g/week until the weight loss goal is 
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achieved. This “carbohydrate daily equilibrium” may range between 25 and 90 g of 
carbohydrates. In obese patients, weight loss appears to be more significant with the 
Atkins diet than with other diets in the short term, but not in the long term (McAuley 
et al., 2005). The long-term effects of this type of diet remain debated, especially in 
terms of CHD risk and possible effects on renal function. The possible increase in 
LDL, the high SFA intake, which may induce insulin resistance, and the low intake 
of fiber associated with the Atkins diet make this option not optimal for NAFLD.

9.3.2.4 � Zone Diet
In the Zone diet, the proportion at each meal of carbohydrates, fats, and proteins are 
to be kept constant at 40%, 30%, and 30%, respectively, within three small meals 
and two intermediate snacks. The diet also emphasizes the daily supplementation 
with 4 g/day of fish oil. The Zone diet may be an option for reducing weight, insulin 
resistance, and the risk for CHD in some patients with NAFLD, but more evidence 
is awaited.

9.3.2.5 �S outh Beach Diet
The South Beach diet is based on low-GI and MUFA-rich foods in three meals and 
two snacks in between per day. In the first phase, there is a very low intake of carbo-
hydrates, which are replaced at each meal by meat, fish, eggs, shellfish, vegetables, 
cheese, nuts, and salad vegetables. In the second phase, carbohydrates are gradually 
reintroduced by adding one low-GI, high-fiber serving to one meal per week. The 
third phase is a maintenance phase. Although some characteristics of this diet may 
be attractive to patients with NAFLD, the high intake of fat (from 40% to 60%) 
should not be overlooked and no conclusive data are available.

9.3.2.6 � Weight Watchers Diet
The Weight Watchers diet promotes a reduced intake of calories within an inten-
sive support community, which constitutes its main advantage and the basis of the 
high success rates. The critical role of this support strategy is supported by the poor 
adherence to the diet in the long term.

9.3.3 �D ietary Supplements in the Management and Treatment  
of NAFLD and NASH

The beneficial effects of nutritional supplements have been suggested by several 
studies using the reduction of blood lipids and/or the antioxidant effects as main 
endpoints. The majority of available data were obtained from observational stud-
ies or animal models, whereas few attempts have been made to prospectively study 
adequate patient populations with appropriate controls. In the case of NAFLD 
and NASH, moreover, the need for histology to define cases makes a therapeu-
tic approach less feasible. We have some degree of evidence for multiple dietary 
supplements based on different mechanisms of action (as illustrated in Figure 9.3). 
Data are debated for probiotics (Lirussi et al., 2007), which possibly exert an anti- 
inflammatory effect on TNF-mediated mechanisms, although only in animal models 
(Li et al., 2003). Similarly, sesame oil leads to a significant reduction in the lipid 
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and glucose alterations of experimental diabetes, whereas coconut water signifi-
cantly reduces steatosis in the liver in a model of metabolic syndrome (Sandhya and 
Rajamohan, 2006). The impact of coconut components was also observed in a small 
human study in which 25% coconut flakes led to an 11% reduction of plasma total 
cholesterol levels in 14 weeks of supplementation (Trinidad et al., 2004). Additional 
studies on human subjects have suggested that spirulina (Samuels et al., 2002) and 
grapefruit (Fujioka et al., 2006) or pomegranate (Esmaillzadeh et al., 2004) juices 
may be helpful in the management of metabolic syndrome. The use of spirulina is 
of particular interest based on the multiple pathways influenced by of this supple-
ment and the growing amount of data supporting its beneficial effects in chronic 
inflammation or oxidative stress, both encountered in NASH. Vitamin E is the only 
supplement that has been widely investigated in multiple human and experimen-
tal studies, yet no agreement on its efficacy has been reached. One randomized, 
placebo-controlled trial of vitamin E supplementation demonstrated a significant 
amelioration in terms of histological liver inflammation and fibrosis in patients with 
NASH (Harrison et al., 2003), whereas previous smaller studies with biochemical 
endpoints failed to demonstrate any benefits (Kugelmas et al., 2003). Most recently, 
traditional herbal compounds or Kampo formulas (Fujimoto et al., 2008) are gath-
ering promising experimental data in animal models and should not be overlooked 
in future studies. Finally, there are no data on the impact of cocoa extracts or green 
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FIGURE 9.3  Sites of action for proposed supplements and alternative treatments in NAFLD 
and NASH. As illustrated in the text, we note that the vast majority of data are obtained from 
animal models or in vitro experiments, while solid data from human studies are awaited.
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tea on NAFLD. This is particularly surprising considering that cocoa (Selmi et al., 
2006) and green tea (Wolfram et al., 2006) flavanols have been demonstrated to 
exert beneficial effects in several components of the metabolic syndrome and have 
important scavenging properties.

9.4 �T he NAFLD Planet in the Metabolic Syndrome Galaxy

“What is the best nutritional approach for the treatment of NAFLD and NASH” 
remains an elusive question. We may be convinced that the first logical approach 
would be to promote weight loss through diet and exercise. We should note that the 
total caloric intake must be appropriate to weight management goals. Individualization 
of the macronutrient composition will then depend on the metabolic status of the 
patient, taking into account all possible adverse events and available dietary regi-
mens manifest variable degrees of effectiveness but are also burdened by potential 
adverse events in subjects with NAFLD. The media continuously propose original 
dietary approaches, and in some cases, these indeed reduce body weight. However, 
a study comparing the Atkins, Ornish, Weight Watchers, and Zone diets in over-
weight or obese patients with one or more risk factors for CHD demonstrated that 
each diet modestly reduced body weight and several risk factors at 1 year with low 
overall dietary adherence rates, particularly for the Atkins and Ornish diets, which 
the patients found to be too extreme (Dansinger et al., 2005). These data support that 
a sustained adherence to diet rather than the actual diet type is the major predictor 
of weight loss, and different dietary options may be combined considering both the 
preference of the patient and the cardiovascular risk profile. As an example, a grow-
ing body of research suggests that a low-carbohydrate diet and a low-fat diet may 
have significantly different effects on the cardiovascular risk, with low-carbohydrate 
diets increasing HDL cholesterol and low-fat diets decreasing LDL cholesterol con-
centrations. The ideal regimen for NAFLD has not been determined. Excess SFAs 
promote endoplasmic reticulum stress, hepatic steatosis, and inflammation in ani-
mal models. However, it remains uncertain if a minimum intake of SFA is required 
for optimal metabolism (Wang et al., 2006). A higher proportion of PUFAs in the 
diet in lieu of SFA has been advocated to promote significant cardiovascular benefits 
(Laaksonen et al., 2005), with the ratio of n-6 to n-3 fatty acids being important in 
predicting insulin resistance. An excessive amount of n-6 PUFA with a high n-6/n-3 
ratio was observed in 45 patients with NASH compared to 856 controls (Cortez-
Pinto et al., 2006). Furthermore, dietary fish oil may also be beneficial in NAFLD 
with improvement in serum triacylglycerol concentrations, fasting glucose, liver 
enzyme levels, and hepatic steatosis (Capanni et al., 2006). Dietary TFA should 
be avoided, since the intake of hydrogenated fats increases inflammatory markers 
and the LDL/HDL ratio (Mozaffarian, 2006). The increased intake of sucrose and 
fructose also plays a negative role in the development of NAFLD based on human 
studies and population-based epidemiological data. On the other hand, the scenario 
of dietary supplements in NAFLD remains quite elusive and should be the focus 
of rigorous research efforts in the future, based on the capillary diffusion of some 
popular supplements and their likelihood to be ineffective or to overcome the need 
for weight loss.
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9.5 �S ummary Points

	 1.	NAFLD is rapidly becoming the main cause of chronic liver disease through-
out the world, and in an undetermined proportion of cases, NAFLD has  
steatohepatitis features (NASH) and progresses to liver cirrhosis.

	 2.	NASH is expected to become the leading etiology of liver cirrhosis requir-
ing transplantation in the next decade.

	 3.	NAFLD belongs to the corollarium of conditions characterizing the meta-
bolic syndrome and recognizes insulin resistance as the primum movens.

	 4.	The majority of nutritional studies and guidelines have been dedicated to 
obesity and insulin resistance without accounting for changes in fatty liver 
disease.

	 5.	Available data seem to support the beneficial impact of such guidelines and 
weight loss also on NAFLD, but the ideal regimen for NAFLD has not been 
determined.

	 6.	 Individualization of the macronutrient composition should depend on the 
metabolic status of the patient, taking into account all possible adverse 
events and available dietary regimens manifest variable degrees of effec-
tiveness but are also burdened by potential adverse events in subjects with 
NAFLD.

	 7.	The efficacy of dietary supplements in NAFLD remains under debate and 
should be the focus of rigorous research efforts in the future. As an exam-
ple, dietary fish oil seems beneficial in NAFLD.
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10.1 �F atty Acids: Introduction

The purpose of this review is to bring together information on the role of fatty acids 
in alcoholic liver disease (ALD). Quite apart from the effects of fatty acids on liver 
disease, fatty acids are important precursors of prostaglandins (PGs), leukotrienes 
(LTs), and hydroxyl fatty acids. There is considerable evidence that the amount of 
fat in the diet is a key determinant of lesions in ALD (Nanji, 2003). Furthermore, 
dietary lipids are a key source of lipids accumulating in livers of ethanol-fed animals 
(Nanji and French, 1986). Findings of initial studies on the Lieber-DeCarli model 
showed a steatogenic effect of dietary fat in ALD (Nanji, 2003). Results of studies on 
the intragastric feeding rat model revealed that when fat constituted 5% of calories, 
focal necrosis and steatosis were induced in the centrilobular areas of ethanol-fed 
rats. When experiments on intragastrically fed rats were conducted again with 25% 
and 35% of calories as fat, centrilobular fibrosis, resembling that seen in baboons and 
humans, developed in more than half of the rats (Nanji, 2003).

The role of different types of dietary fat in ALD is supported by epidemiologi-
cal correlations indicating that the susceptibility to alcohol is related to different 
types of fatty acids in the diet (Nanji and French, 1986). In one study, deviation 
from expected mortality from cirrhosis was correlated with intake of saturated and 
unsaturated fatty acids (Nanji, 2004). The findings supported the notion that satu-
rated fatty acids (SFAs) were protective against ALD. In contrast, unsaturated fatty 
acids promoted ALD. As a follow-up to these epidemiological correlations, studies 
were carried out by using the intragastric feeding rat model for ALD. In rats fed 
ethanol and tallow (beef fat, SFAs), none of the features of ALD developed, minimal 
to moderate pathological changes occurred in animals fed ethanol and lard (2.5% 
linoleic acid), and the most severe changes were seen in rats fed ethanol with corn 
oil (55–60% linoleic acid). The importance of polyunsaturated fatty acids (PUFAs), 
rather than linoleic acid alone, has also been evaluated in rats fed fish oil. Compared 
with findings for rats fed corn oil with ethanol, more severe liver injury, particularly 
necrosis and inflammation, is seen in rats fed fish oil with ethanol (Nanji, 2004).

10.2 � Effect of Fatty Acids on Pathological and 
Pathophysiological Changes in Ethanol-Fed Rats

10.2.1 �A rachidonic Acid and Eicosanoids

The key link between fatty acids and inflammation is the eicosanoid family of 
inflammatory mediators generated from 20 carbon PUFAs liberated from cell mem-
brane phospholipids. The membrane phospholipids of inflammatory cells taken from 
humans consuming Western-type diets typically contain approximately 20% of fatty 
acids as the n-6 PUFA arachidonic acid (AA). In contrast, the proportions of 20 other 
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carbon PUFAs, such as n-6 PUFA di-homo-y-linolenic acid and n-3 PUFA eicosa-
pentaenoic acid (EPA), are typically about 2%. Thus, AA is usually the dominant 
substrate for eicosanoid synthesis. Eicosanoids include PGs, thromboxanes, LTs, and 
hydroxyeicosatetraenoic acids (HETEs). AA in cell membrane phospholipids can be 
mobilized by various phospolipase enzymes, most notably phospholipase A1, and 
the free acid can subsequently act as a substrate for the enzymes that synthesize 
eicosanoids.

Under inflammatory conditions, increased production rates of AA-derived eico-
sanoids are noted and elevated levels of these eicosanoids are observed in blood and 
tissues of patients with acute and chronic inflammatory conditions.

10.2.2 �P rotective Effects of SFA in ALD: Role of Adiponectin

Adiponectin may be one link between the consumption of SFAs and protection against 
alcoholic liver injury (You et al., 2005). As mentioned above, diets enriched in SFAs 
or medium-chain triglycerides (MCTs) protect against alcoholic liver injury.

Protection against alcoholic liver injury, particularly steatosis, may be due to 
increased levels of adipose-derived adiponectin (You et al., 2005).

Chronic ethanol intake is associated with inhibition of AMP-activated kinase 
(AMPK) and peroxisome proliferators activated receptor α (PPAR-α). Both mol-
ecules are key regulatory factors in fatty acid oxidation. Comparing results obtained 
in mice fed ethanol with PUFAs versus SFAs, the study demonstrated that ethanol 
with SFAs, but not PUFAs, led to AMPK phosphorylation. AMPK is a key “meta-
bolic switch” controlling lipid metabolism, and its activation by adiponectin leads 
to increased hepatic fatty acid oxidation and reduced lipid accumulation in liver 
(Anania, 2005).

10.2.3 �R ole of Sirtuin 1

Accumulation of fat in the liver is a crucial initial step in ALD. Evidence has accu-
mulated that chronic ethanol administration increases levels of nuclear hepatic levels 
of sterol regulatory element–binding protein 1 (SREBP-1) and its targeted transcripts, 
which include acetyl-CoA carboxylase, fatty acid synthase, stearoyl-CoA desatu-
rase 1, ATP citrate lyase, and mitochondrial glycerol 3-phosphate acyltransferase. 
Activation of these transcripts increases fatty acid synthesis and accumulation of tri
glycerides in liver. Post-transcriptional modification of SREBP-1 by reversible acyla-
tion regulates proteosome-mediated degradation of SREBP-1. An additional regulator 
of liver lipid storage is sirtuin 1 (SIRT-1), a nicotinamide adenine dinucleotide- 
dependent histone deaclyase that regulates the activity of several transcription fac-
tors including SREBP-1 (You et al., 2008). The regulation of SIRT-1 by SFAs may 
be important in regulating lipogenic enzymes.

10.2.4 � Mitochondria

Mitochondria are emerging as the key target of ethanol toxicity, and mitochon-
drial dysfunction is considered the major event in the pathogenesis of liver injury 
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secondary to chronic alcohol consumption. Cytochrome P450 2 E1 (CYP2E1) is also 
localized in these organelles, and its induction after a variety of endogenous or exog-
enous molecules is responsible for the excessive local generation of reactive oxygen  
species (ROS) and associated lipid peroxidation damaging important components 
of the respiratory chain and mitochondrial DNA. Possible attenuation of these  
alcohol-induced injuries through diet manipulation has been proposed. Replacement 
of long-chain triglycerides (LCT; 42% of total dietary calories) with MCTs attenuates 
hepatic steatosis in alcohol-fed rats (Lieber et al., 2007). One reason for this differ-
ence is the propensity of MCTs for oxidation rather than esterification, whereas the 
converse is true for LCT. Recently, MCTs have been shown to play a beneficial role 
in experimental nonalcoholic fatty liver disease in the absence of dietary LCTs.

One mechanism for the beneficial effect of MCT possibly results from their rapid 
absorption and transport into the mitochondrial membrane with prevention of the 
alcohol-induced block of fatty acid β oxidation and associated lipid peroxidations.

There was an almost complete elimination of alcohol-induced liver pathology, 
including marked reduction of steatosis, as the saturated fat fraction of total dietary 
fat increased from 0% to 30% (Ronis et al., 2004). However, this study showed that 
the protective effects of saturated fat on the development of ALD was dose respon-
sive and occurred even when substantial concentrations of unsaturated fat remain 
in the diet. The reduction in liver pathology was accompanied by significant reduc-
tions in indexes of oxidative stress, such as the glutathione/glutathione disulfide ratio 
and markers of lipid peroxidation (thiobarbituric acid reactive substances). However, 
there were no changes in induction of CYP2E1, because neither CYP2E1 apopro-
tein expression nor a direct measure of CYP2E1-dependent activity (p-nitrophenol 
hydroxylation) differed in any of the ethanol-treated groups.

10.3 �E ffect of Fatty Acids on Endotoxin Levels  
and Endotoxin Signaling

10.3.1 �E ffect of Dietary Fatty Acids on Endotoxin-Mediated Signaling 
Pathways, Nuclear Factor κB, and Cytokines in Experimental ALD

Endotoxins are lipopolysaccharide components of the outer wall of most gram- 
negative bacteria. Considerable evidence supports the hypothesis that endotoxins are 
involved in alcohol-dependent liver injury. Endotoxin levels are within normal limits 
in rats fed SFAs and ethanol intragastrically. In rats fed corn oil and fish oil with etha-
nol, endotoxin levels begin to increase within 2 weeks of ethanol administration and 
increase sixfold by 9 weeks (Nanji et al., 1993). The mechanism (or mechanisms) by 
which ethanol causes endotoxemia is unknown, but it is probably related to increased 
mucosal permeability of the colon and reduction in the capacity of Kupffer cells to 
detoxify endotoxin (Purohit et al., 2008). Further support for the hypothesis that 
endotoxin is a contributory factor to alcoholic liver injury is derived from studies in 
which gut sterilization, with either lactobacilli or broad-spectrum antiobiotics, leads 
to a marked decrease in endotoxin levels and absence of pathological changes in the 
liver (Nanji et al., 1994). Multiple mammalian receptors for endotoxins have been 
identified. Of these receptors, two glycoproteins are implicated in the interaction 
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between endotoxin and macrophages. These two glycoproteins, lipopolysaccharide-
binding protein (LBP) and membrane-bound CD 14 (mCD14), were evaluated in rats 
fed ethanol and different dietary fatty acids. The highest levels of mCD14 and LBP 
were found in rats exhibiting necrosis and inflammation. Expression of mCD14 was 
restricted to Kupffer cells, and LBP expression was restricted to hepatocytes (Su et 
al., 1998).

10.3.2 �N uclear Factor κB

Work has shown that both endotoxin and oxidative stress lead to the activation of 
nuclear factor kB (NF-kB), a ubiquitous transcription factor implicated in the activa-
tion of many genes, several of which are involved in alcoholic liver injury. Activation 
of NF-kB in experimental alcoholic liver injury is seen only in rats fed corn oil and 
fish oil, and these animals have increased levels of endotoxin and oxidative stress, 
as well as necroinflammatory changes on histological evaluation (Nanji et al., 1999). 
Activation of NF-kB in these animals occurs as a result of proteolytic degradation 
of inhibitor kB α. Several of the genes that show increased expression in association 
with activation of NF-kB also show increased expression in alcoholic liver injury. 
These genes include tumor necrosis factor α (TNF-α) interleukin 1α and chemo
kines. It is important to point out relevant findings showing that the increase in levels 
of oxidant stress and NF-kB activation precedes the development of pathological 
liver injury in intragastrically fed rats (Jokelainen et al., 2001). In addition, oxidant 
stress can directly injure liver cells by triggering apoptosis or predisposing them to 
TNF-induced apoptosis. It is likely that the major cell type in liver responsible for 
activation of NF-kB is the Kupffer cell, although contributions from endothelial cells 
and hepatic stellate cells (HSCs) cannot be ruled out. Although inhibition of NF-kB 
by reduction of oxidant stress is a potential therapeutic strategy, consideration should 
be given to the fact that NF-kB plays a protective role in hepatocyte survival.

10.3.3 �T umor Necrosis Factor

In ALD, several lines of evidence support the involvement of TNF-α. In the intra-
gastric alcohol feeding model, liver injury was reduced in TNF-R1 knockout mice 
by neutralizing antibodies against TNF-α or antibiotic treatment to remove bacteria. 
TNF-α levels increase in a chronic alcohol feeding model in which gut permeability 
to bacterial-derived LPS is enhanced.

TNF-α is a proinflammatory cytokine that regulates cell proliferation, differ-
entiation, and apoptosis and induces production of other cytokines and immune 
responses. TNF-α is mainly produced by macrophages and also by a broad variety 
of other tissues including lymphoid cells, mast cells, endothelial cells, fibroblasts, 
and neuronal tissues. Dysregulated TNF-α function is implicated in pathological 
processes of many diseases including ALD (Li and Lin, 2008). Like other signaling 
ligands, TNF-α exerts its cellular effect through two distinct surface receptors: 55 
kDa receptor 1 (TNF-R1) and 75 kDa receptor (TNF-R2). TNF-R1 is ubiquitously 
expressed, whereas TNF-R2 is primarily found on cells of the immune system and 
is highly regulated.
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10.4 �E ffect of Fatty Acids on NF-κB and Inflammatory  
Signaling Pathways

10.4.1 �C yclooxygenase 2

There are two major isoforms of cyclooxygenase: cyclooxygenase 1 (COX-1) and 
cyclooxygenase 2 (COX-2) (Shu and Klotz, 2008). They differ in several respects. 
COX-1 exists constitutively in several tissues and is responsible for normal physi-
ologic functions, such as maintenance of gastric mucosal function and regulation of 
renal blood flow. In contrast, COX-2, which is not detected in most normal tissues, 
is induced by lipid peroxidation and inflammatory stimuli, such as cytokines and 
endotoxins, all of which are important contributors to alcohol-induced liver injury. 
Moreover, compared with control mice, COX-2–deficient (COX-2-/-) mice are less 
sensitive to endotoxin-mediated liver injury. These observations, taken together with 
the known proinflammatory effects of the products of COX-2–catalyzed reactions, 
have led to a proposal that induction of COX-2 is an important final common path-
way for mediation of alcohol-induced liver injury (Nanji, 2004). Of the inflammatory 
mediators that induce COX-2, endotoxin and TNF-α are most relevant to alcoholic 
liver injury. Reactive oxygen intermediates and lipid hydroperoxides also regulate 
the expression of COX-2. Also of note is that oxidant tone regulates the response of 
COX-2 to endotoxin. Compared with COX-1, initiation of COX-2 activity requires 
considerably lower levels of hydroperoxides. In intragastrically fed rats, increased 
levels of COX-2 are seen in rats fed ethanol with corn oil and fish oil, which indicate 
evidence of pathological liver injury, as well as increased levels of TNF-α, endo-
toxin, and lipid peroxides. It is interesting that TNF-α and COX-2 are coexpressed 
in the Kupffer cells of ethanol-fed rats with evidence of necroinflammatory changes. 
Decreased expression of COX-1 is also seen in Kupffer cells of ethanol-fed rats 
exhibiting necroinflammatory changes. This lower degree of activity can account for 
the decreased production of prostacylin and prostaglandin E2 (PGE2) in rats exhibit-
ing pathological liver injury (Nanji et al., 1994).

10.4.2 �L ong-Chain n-3 PUFAs and Eicosanoid Production

Increased consumption of long-chain n-3 PUFAs, EPA, and docosahexaenoic acid 
(DHA) results in increased proportions of those fatty acids in inflammatory cell 
membrane phospholipids, partly at the expense of AA. Thus, because there is less 
substrate available for synthesis of eicosanoids from AA, fish oil supplementation of 
the human diet has been shown to result in decreased production of PGE2, TXB2, 
LTB4, 5-HETE, and LTE4 by inflammatory cells. EPA also acts as a substrate for 
COX and lipoxygenase (LOX) enzymes, thus giving rise to a different family of 
eicosanoids: the 3-series PGs and thromboxane (TXs) and the 5-series LTs and 
hydroxyeicosapentaenoic acids. Thus, the reason for the increased severity of ALD 
in fish oil ethanol-fed rats is intriguing (Pawlosky and Salem, 2004).

In addition to long-chain n-3 PUFAs modulating the generation of eicosanoids 
from AA and to EPA acting as substrate for the generation of alternative eicosanoids, 
recent studies have identified a novel group of mediators, called E-series resolvins, 
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formed from EPA by COX-2/LOX that appear to exert anti-inflammatory actions. In 
addition, DHA-derived mediators termed D-series resolvins, docosatrienes, and neu-
roprotectins, also produced by COX-2/LOX under some conditions, have been iden-
tified, and these too appear to be anti-inflammatory and inflammation-resolving.

10.5 �E ffect of Fatty Acids on Oxidative 
and Nitrosative Stress

A significant body of evidence supports a role for reactive oxygen intermediates in 
alcohol-induced liver injury (Day and Cederbaum, 2006). The main oxidant sources 
are cytochrome P4502E1 and iron. Levels of antioxidant enzymes and antioxidants 
such as glutathione are decreased in the livers of alcohol-fed animals.

The oxidation of n-3 PUFAs in the endoplasmic reticulum involves the initial 
formation of ω-hydroxy or (ω-1)-hydroxy fatty acids catalyzed by microsomal 
cytochrome P450 (CYP4A1 and CYP2E1). Dicarboxylic fatty acids, derived from 
ω-hydroxy and (ω-1)-hydroxy fatty acids, are increased in states of impaired mito-
chondrial fatty acid β oxidation. Microsomal ω hydroxylation via CYP2E1 and 
CYP4A1 is increased in alcohol-fed rats. Evidence in the literature suggests that 
fatty acids and their ω oxidation products activate PPARs. PPARs are actively 
involved in regulating genes involved in fatty acid metabolism, such as enzymes of 
the extramitochondrial fatty acid oxidation pathways (e.g., peroxysomal fatty acyl 
CoA oxidase, CYP4A1, liver fatty acid–binding protein). The induction of hepatic 
extramitochondrial pathways of fatty acid oxidation by means of PPAR-α serves to 
provide the liver cell with alternative means for the catabolism of fatty acids under 
conditions of markedly increased fatty acids flux and fatty acid overload. PPAR-α 
appears to act as a cellular transducer that senses the presence of fatty acid overload 
states and directs the appropriate adaptive hepatocellular gene response.

Alcohol is one of the many known causes of impaired mitochondrial long-chain 
fatty acid oxidation, resulting in fatty acid overload, by which fatty acids accumulat-
ing in the cell are diverted into esterification (triglyceride synthesis) and extramito-
chondrial fatty acid oxidation (Bailey and Cunningham, 2002). The latter involves 
ω-1 oxidation by CYP2E1 and CYP3A4 in the endoplasmic reticulum and β oxida-
tion in the peroxisomes. The fatty acid overload hypothesis indicates a role for PUFAs 
in the hepatotoxic sequelae associated with alcohol, that is, impaired fatty oxidation.

Whereas many studies have been carried out with n-6 series PUFAs, less is known 
about the role of n-3 series PUFAs in the development of ALD.

The intragastric infusion model of ethanol feeding is associated with the induc-
tion of high levels of CYP2E1 and greatly increased lipid peroxidation, which appear 
to contribute to the liver injury. AA induces toxicity in HepG2 E47 cells, a cell line 
that expresses CYP2E1, but not control, HepG2 cells, which do not express CYP2E1. 
AA also induces toxicity in pyrazole-induced rat heptatocytes with high levels of 
CYP2E1 but not in saline control hepatocytes. This CYP2E1-dependent AA toxicity 
is prevented by inhibitors of CYP2E1 and antioxidants.

A key feature of liver fibrosis is the increase in collagen I protein. Collagen is 
a heterotrimeric protein composed of two α1 chains and one α2 chain encoded by 



154	 Nutrition, Diet Therapy, and the Liver

collagen 1A (COL1A1) and COL1A2 genes. Both COLIA1 and COLIA2 genes are 
highly sensitive to ROS and acetaldehyde, a product from alcohol metabolism. It has 
been reported that the COLIA2 promoter contains at least two putative NF-kB bind-
ing sites. Oxidant stress is a major factor inducing NF-kB. In view of the potential 
link between oxidative stress and the activation of the COLIA1 and COLIA2 genes 
in HSCs, it was speculated that feeding fish oil plus alcohol can lead to the activation 
of collagen 1 and subsequent fibrosis (Nieto, 2007).

The intragastric feeding rat model for ALD was used to assess the relation among 
pathological liver injury, oxidant stress, and levels of hepatic antioxidant enzymes. 
Male Wistar rats were fed ethanol with MCTs, palm oil, corn oil, or fish oil. Control 
animals were fed isocaloric amounts of dextrose. Activity and protein concentrations 
were evaluated by using immunoblot analysis in each group for manganese-SOD, 
copper-zinc SOD, catalase, and glutathione peroxidase. Among ethanol-fed rats, fish 
oil showed the most severe pathological changes and the highest levels of lipid peroxi-
dation; rats fed corn oil showed less severe pathological changes and lower levels of 
lipid peroxidation compared to fish oil–fed rats. Palm oil–fed rats showed fatty liver 
only, and rats fed MCTs had normal livers. Levels of lipid peroxidation correlated 
closely in groups with severity of pathological changes in the liver. Among the anti
oxidant enzymes, the lowest levels of catalase, glutathione peroxidase, and copper-
zinc SOD were seen in fish oil–fed rats. An inverse correlation was observed among 
the severity of pathological changes (especially necrosis and inflammation), lipid per-
oxidation, and the antioxidant enzyme levels and activity (Polavarapu et al., 1998).

10.5.1 �N itric Oxide

Nitric oxide (NO) has earned the reputation of being a signaling mediator with many 
diverse and often opposing biological activities. The diversity in response to this 
simple diatomic molecule comes from the enormous variety of chemical reactions 
and biological properties associated with it. In the past few years, the importance 
of steady-state NO concentration has emerged as a key determinant of its biological 
function. Precise cellular responses are differentially regulated by a specific NO 
concentration. In general, lower NO concentrations promote cell survival and pro-
liferation, whereas higher levels favor cell cycle arrest and apoptosis. Free radical 
interactions also influence NO signaling. The resulting reactive nitrogen species gen-
erated from these reactions can also have biological effects and increase oxidative 
and nitrosative stress responses (Thomas et al., 2008).

NO is thought to play a pivotal role in the development of various types of liver 
disease. Despite extensive evidence that NO has critical roles in various processes in 
liver disease, it remains controversial whether NO is protective or injurious.

10.5.2 �N itrotyrosine

10.5.2.1 �T yrosine Nitration Yields and Relationship with Disease
Low levels of free and protein-bound 3-nitrotyrosine (3-NT) are normally detected 
and reflect the low steady state of oxidizing and nitrating species produced under 
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basal conditions. In disease states associated with nitroxidative stress, there is a sig-
nificant increase of 3-NT (Thomas et al., 2008).

In livers of animals and patients with ALD, increased expression of COX-2, 
inducible nitric oxide synthase (iNOS), and nitrotyrosine are observed. Nitric oxide 
synthase (NOS) catalyzes the conversion of l-arginine to NO, whereas COX-2 uses 
AA as substrate-forming vasoactive metabolites such as thromboxane and prosta-
cyclin via specific synthases. The involvement of NOS and COX in altering vas-
cular function has been implicated in conditions characterized by oxidative stress. 
Peroxynitrate-induced nuclear translocation of NF-kB leads to increased expression 
of iNOS and COX-2. Peroxinitrate formed by iNOS induction also reduces protacy-
clin synthase activity by increasing the proteolytic degradation of protacyclin syn-
thase protein.

10.5.3 �R ole of Isoprostanes in Liver Endothelial Dysfunction

F2 isoprostanes are PG isomers derived from free radical–catalyzed peroxidation 
of AA. As products of lipid peroxidation, they are considered reliable markers of 
enhanced systemic oxidative stress in vivo.

Potential mechanisms for the hepatic dysfunction may be a direct vasoconstrictive 
effect of isoprostanes. Isoprostanes have been shown to enhance vasoconstriction in 
vitro and in vivo. The potential role of isoprostanes as participants in alcohol liver 
disease is further supported by their presence in human and experimental alcohol 
liver disease.

The measurement of F2 isoprostanes is considered a reliable method in assessing 
lipid peroxidation and oxidative stress in vivo. Both systemic and urinary isoprostane 
levels may represent total lipid peroxidation, but not necessarily local isoprostanes 
production, because of the large variability between peripheral and local levels of 
isoprostanes in different organs.

10.6 �E ffect of Fatty Acids on the Proteosome 
and Protein Trafficking

10.6.1 �P roteasome: Intracellular Proteolysis

Protein turnover, defined here as the breakdown and replenishment of cellular pro-
teins, is a continuous process. Although eukaryotic cells have three prominent protein 
catabolic pathways (lysosomes, calpains, and the proteasome), an estimated 75–90% 
of intracellular proteins are degraded by the proteasome. This enzyme and its pro-
tein marker, ubiquitin protein that is covalently attached to protein substrates, were 
at first largely unrecognized until it became apparent that the ubiquitin-proteasome  
pathway is involved in all the aforementioned cellular processes.

10.6.2 �E thanol Consumption and the Ubiquitin-Proteasome System

In ethanol-fed experimental animals, the intracellular level of ubiquitin (represent-
ing both the free and conjugated forms) is elevated in hepatoyctes of rats orally 
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administered with ethanol. However, oral ethanol feeding has variable effects on 
the peptidase activities of the proteasome. When high blood ethanol levels are 
achieved, proteasome activity is significantly inhibited. In fact, both published 
and unpublished data from a number of oral feeding studies with rats and mice 
have indicated an inverse correlation between serum ethanol levels and hepatic 
proteasome chymotrypsin-like activity, indicating that hepatic proteasome activity 
is inhibited by high blood ethanol levels. Conversely, slight elevations in protea-
some activity after oral ethanol feeding have been reported in animals with low 
to moderate serum ethanol levels (i.e., 25–40 mM). The latter results indicate that 
milder forms of oxidative stress actually activate the proteasome, and related work 
reported elsewhere supports this notion. In contrast to oral ethanol feeding, when 
ethanol is administered to animals via continuous intragastric feeding, it produces 
higher blood ethanol levels (i.e., ≥ 40 mM or 186 mg/dL), markedly more liver dam
age than after oral feeding, and a 35–40% reduction of the proteasome activity 
(Radi, 2004).

Furthermore, other studies with livers of intragastrically fed rats have shown that 
serum ethanol concentration alone is not sufficient to bring about a decline in pro-
teasome activity. The level of oxidative stress derived from consumption of PUFAs 
combined with ethanol causes a significant decline in proteasome activity, whereas 
diets containing ethanol and SFAs do not. Rats given ethanol and MCT exhibited 
no significant liver pathology, whereas cumulative pathology scores in ethanol-fed 
rats given palm oil, corn oil, or fish oil were 2.5, 5.4, and 7.0, respectively, indicat-
ing that ethanol and fish oil caused the greatest liver damage. The severity of liver 
pathology in the last three groups of animals correlated with levels of lipid peroxides 
and serum F isoprostanes. Alpha smooth muscle actin, an indicator of stellate cell 
activation, was increased relative to controls in the livers of all ethanol-fed rats. In 
livers of corn oil and fish oil ethanol-fed rats, proteasome chymotrypsin-like activity 
was decreased by 55–60%, but there was no quantitative alteration in 20S protea-
some subunit content. In contrast, ethanol affected neither proteasome activity nor 
its content in MCT- and palm oil–treated animals.

10.6.3 �CYP 2E1-Proteasome Interactions

The proteasome complex plays a major role in CYP2E1 turnover and therefore in 
regulation of CYP2E1 levels in liver cells. Ethanol and other low molecular weight 
ligands prevent proteasome-mediated CYP2E1 turnover. This is a major mechanism 
by which ethanol “induces” CYP2E1. Lowering of proteasome activity potentiates 
CYP2E1-dependent toxicity. This is associated with accumulation of oxidized and 
nitrated protein adducts and increases in CYP2E1 levels. During CYP2E1-dependent 
oxidant stress, there is an increase in ubiquitylated protein levels and protein aggre-
gates. This is associated with a decline in proteasome trypsinlike proteolytic activity. 
The proteasome itself becomes oxidized and is a target of CYP2E1-generated oxi-
dant stress. These CYP2E1-proteasome interactions may play a role in the decline in 
proteasome activity, the formation of oxidized protein adducts, and the accumulation 
of protein after chronic ethanol treatment. These interactions may also be important 
in CYP2E1-catalyzed toxicity of hepatotoxins and procarcinogens.



Dietary Fatty Acids and the Pathogenesis of Liver Disease in Alcoholism	 157

10.6.4 �R eceptor-Mediated Endocytosis Mediated by the 
Asialoglycoprotein Receptor and a Role for This 
Receptor during Alcoholic Liver Injury

The asialoglycoprotein receptor (ASGP-R) is a hepatocyte-specific receptor respon-
sible for the uptake of serum glycoproteins with terminal galactosyl/N-acetyl-
galactosamine residues. Potential physiological roles for the ASGP-R include 
general glycoprotein clearance, immunoglobulin (Ig)A uptake, clearance of antigen- 
antibody complexes, cell adhesion, clearance of apoptotic bodies, and clearance of 
related molecules such as desialylated forms of apoptotic bodies. ASGP-R–mediated 
uptake of apoptotic cells is altered after ethanol administration (Casey et al., 2007). 
Consequences of the altered ASGP-R clearance of apoptotic cells include the acti-
vation of other cells through the interaction of accumulating apoptotic bodies with 
specific cell receptors. This activation process then stimulates the release of pro
inflammatory and profibrogenic substances providing enhanced signaling and the 
production of molecular factors that could be involved in the promotion of adverse 
liver pathology.
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11.1 � Introduction

Malnutrition is common in most forms of cirrhosis including alcohol-induced cir-
rhosis. Moreover, virtually all patients with alcoholic hepatitis have some evidence 
of malnutrition. Patients may have global protein calorie malnutrition and/or isolated 
nutrient deficiencies, such as zinc deficiency. Nutritional deficiencies in alcoholic 
liver disease (ALD) may be caused by inadequate intake/anorexia, malabsorp-
tion, decreased nutrient storage, increased nutrient need, increased excretion, or 
decreased ability to metabolize nutrients into their active forms. Malnutrition may 
play a mechanistic role in the development of ALD, either directly or indirectly by 
modifying factors such as gut permeability, oxidative stress, or cytokine produc-
tion (Figure 11.1). This chapter will review (1) two major nutritional abnormalities 
(alterations in zinc and methionine metabolism) of major research interest to our 
research group and of major importance in the pathogenesis and treatment of ALD; 
(2) selected other nutrient abnormalities; and (3) overall nutritional therapy in ALD. 
Because the role of lipids/fatty acids and iron is covered in other chapters, it will not 
be discussed here.

11.2 � Zinc

11.2.1 �O ccurrence of Zinc Deficiency in ALD

Zinc deficiency is one of the most consistently observed nutritional/biochemical 
abnormalities in ALD. Decreases in serum zinc levels (hypozincemia) in patients 
with ALD are well documented. In a representative study, the serum zinc concentra-
tion in alcoholic patients was 7.52 μmol/L, which is significantly lower than 12.69 
μmol/L in control subjects.1 The decrease in serum zinc correlates with progression 
of liver damage. Patients with alcoholic cirrhosis showed a lower serum zinc level 
(80 μg/dL) than noncirrhotic patients (97 μg/dL), decreased by -37% and -24%, 
respectively, in comparison to normal subjects (127 μg/dL).2 Furthermore, serum 
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FIGURE 11.1  Mechanisms of liver injury. Nutritional abnormalities/deficiencies play a 
mechanistic role in the development of ALD, and interact with other mechanisms such as 
oxidative stress and cytokines.
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zinc levels in patients with hepatic encephalopathy were significantly lower than in 
cirrhotic patients without hepatic encephalopathy (0.54 vs. 0.96 mmol/L).3 Zinc in 
the serum is mainly bound to albumin (83.7%) and macroglobulin (16.30%),4 and a 
decrease in serum albumin in association with zinc decrease was also found in alco-
holic patients.5 Serum zinc also decreases with stress/inflammation, which regularly 
occurs in ALD.

11.2.2 � Mechanisms for Altered Zinc Metabolism in ALD

A balance between intestinal absorption and urinary excretion has been suggested as 
a major mechanism underlying body zinc homeostasis.6 To understand the mecha-
nisms by which ethanol induces zinc deficiency, the effects of ethanol consumption 
on zinc metabolism have been investigated by measuring intestinal zinc absorption 
and urinary zinc excretion. Using a dual isotope absorption technique, the intesti-
nal absorption rate of 65Zn was 56% in normal subjects, whereas the intestinal 65Zn 
absorption was 37% (a -34% decrease) in alcoholic patients.7,8 On the other hand, 
an increase in urinary zinc excretion (hyperzincuria) has been well documented in 
alcoholic cirrhosis. In comparison to urinary zinc excretion of 734 μg/day in con-
trols, urinary zinc excretion was 1777 μg/day in patients with alcoholic cirrhosis. 
Zinc intake is another factor affecting zinc homeostasis, with 90% of alcoholics hav-
ing inadequate dietary zinc intake.9 Therefore, multiple factors including inadequate 
zinc intake, impaired zinc absorption, and increased urinary zinc excretion have 
been implicated in the development of zinc deficiency in ALD.

To determine the link between ethanol consumption and zinc imbalance, pro-
longed ethanol administration was performed in five alcoholic subjects who were 
admitted to a metabolic ward for 34 days.10 Ethanol was administered orally for 17 
days, every 2 hours for 18 hours each day, to maintain a blood ethanol level of 100 
mg/dL, followed by 17 days of abstinence. Urinary zinc excretion during the drink-
ing period was nearly twice as high as that during the nondrinking period. With eth-
anol administration, the serum zinc level was decreased but normalized after ethanol 
was discontinued. This study clearly demonstrated a direct effect of ethanol on zinc 
metabolism, with a negative correlation between urinary and serum zinc levels.

11.2.3 � Zinc Deficiency and Liver Function

Zinc is the second most abundant trace element in the body next to iron. Zinc is 
involved in all major aspects of cell functions such as metabolism, detoxification, 
antioxidant defenses, signal transduction, and gene regulation. Thus, zinc deficiency 
can cause physiological defects and, ultimately, cell injury. Manifestations of zinc 
deficiency include anorexia, skin lesions, growth retardation, neurosensory defects, 
and immune dysfunction in humans11 (Table 11.1). Zinc deficiency has been docu-
mented in multiple types of liver diseases.12 Experimental zinc deficiency increased 
the susceptibility to lipopolysaccharide (LPS)-induced liver injury.13 In patients with 
ALD, hepatic zinc deficiency has been found to be correlated with liver dysfunction 
as indicated by decreased serum albumin, increased serum bilirubin, and decreased 
galactose elimination capacity and antipyrine clearance.5,14,15
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Zinc participates in cell functions mainly by binding to thousands of zinc pro-
teins including metalloenzymes. Zinc coordination has catalytic, structural, or regu-
latory roles in zinc proteins, and removal of zinc can exert deleterious effects on cell 
function.16 Alcohol dehydrogenase is one of the major enzymes involved in ethanol 
metabolism. Alcohol dehydrogenase is a zinc-binding enzyme, and loss of zinc bind-
ing under conditions of oxidative and nitrosative stress resulted in the total loss of 
the activities of alcohol dehydrogenase.17 In alcoholic patients, the activity of alcohol 
dehydrogenase has been found to be decreased in association with zinc deficiency 
in the liver.18 One of the most important cellular antioxidants in the liver is Cu/
Zn-SOD, a zinc-dependent enzyme. Measurements of Cu/Zn-SOD and Mn-SOD 
in hepatocytes from biopsies of patients with ALD demonstrated that the overall 
amount of Cu/Zn-SOD is significantly lower than in control biopsies, whereas no 
difference was found for Mn-SOD.19 Hepatocyte apoptosis is a feature of alcoholic 
hepatitis, and active caspase 3 was significantly elevated in the livers of steatohepa-
titis patients.20,21 In contrast to alcohol dehydrogenase and Cu/Zn-SOD, zinc release 
from caspase 3 will lead to enzymatic activation.22 Thus, caspase 3 activation and 
apoptosis in the liver may be related to zinc deficiency.

The direct link between zinc status and zinc protein function has been deter-
mined in animals and cell culture studies. In a mouse model of ALD, chronic etha-
nol exposure caused a decrease in the protein level and DNA binding function of 
hepatocyte nuclear factor 4α (HNF-4α) association with hepatic zinc reduction.23 A 
HepG2 cell culture study further demonstrated that zinc deprivation directly causes 
a decrease in DNA binding function of HNF-4α without affecting the protein level, 
indicating the requirement of zinc for proper zinc protein function. Dysfunction of 
HNF-4α induced by zinc deprivation resulted in repression of proteins involved in 
cell growth such as insulin-like growth factor 1 (IGF-1), insulin-like growth fac-
tor binding protein, and metallothionein (MT). Therefore, zinc mobilization from 
zinc proteins may be an important molecular mechanism by which zinc deficiency 
impairs liver function and contributes to the development of ALD.

TABLE 11.1
Selected Functional Consequences of Zinc Deficiency of Relevance to ALD
  1. Skin lesions

  2. Anorexia (with possible alterations in taste and smell acuity)

  3. Growth retardation

  4. Depressed wound healing

  5. Hypogonadism

  6. Altered immune function

  7. Impaired night vision, altered vitamin A metabolism

  8. Diarrhea

  9. Depressed mental function

10. Susceptibility to alcohol-induced liver injury
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11.2.4 �R ole of MT in Zinc Homeostasis and ALD

Metallothioneins are low molecular weight, thiol-rich proteins.24 MTs are composed 
of 61–68 amino acids with a highly conserved sequence of 20 cysteine residues. 
Under physiological conditions, MT primarily binds to zinc, and one MT molecule 
can bind up to seven zinc ions. There are four MT isoforms in mammals, MT-I–
MT-IV; MT-I and MT-II are found in the liver. MT primarily serves as a cellular zinc 
reservoir, and zinc levels in the liver correlate with MT levels.25 MT overexpression 
in the livers of MT transgenic mice is associated with a twofold increase in hepatic 
zinc concentration, whereas MT knockout (MT-KO) KO mice showed a decrease 
in hepatic zinc levels.26,27 In a mouse model of ALD, the MT and zinc levels in the 
liver are not affected by acute ethanol exposure.28 However, hepatic MT significantly 
decreased along with zinc decreases in the liver after chronic ethanol exposure.29 
MT depletion in the liver of an MT-KO mouse model intensified zinc deficiency and 
liver damage.29 These studies indicate that a decrease in MT contributes to the dis-
turbance in hepatic zinc homeostasis after chronic ethanol exposure.

MT also participates in intracellular zinc trafficking. MT locates in cytoplasm and 
nuclei, and translocation of MT from cytoplasm to nucleus has been demonstrated 
in the liver during times of high requirement for zinc.30 In response to reactive oxy-
gen species (ROS) exposure, induction of gene expression and nuclear translocation 
of MT has been detected in association with zinc trafficking from the cytoplasm 
into the nucleus.31,32 In vitro studies with exogenous MT incubation have shown that 
MT can be imported into the membrane space of liver mitochondria and release 
zinc, which in turn inhibits respiration of coupled or uncoupled mitochondria.33,34 
However, hepatic MT concentration was decreased after chronic ethanol exposure in 
mice, although ROS accumulation were detected in the liver.29 This may explain why 
alcoholic patients had lower zinc levels in both total zinc and subcellular fractions.

11.2.5 � Zinc Supplementation in ALD

The beneficial effects of zinc supplementation on the incidence or severity of diseases 
including ALD has received some attention from investigators. To assess the dura-
tion of zinc intake necessary to normalize serum and hepatic zinc concentrations, 
zinc supplementation in patients with ALD has been performed in a time-dependent 
manner.35 Alcoholic patients without cirrhosis received zinc sulfate at 600 mg/day 
for 10 days and alcoholic patients with cirrhosis for 10, 30, and 60 days. Serum zinc 
concentrations were increased to normal values in all groups of patients during 10 
days to 2 months of zinc supplementation. Zinc concentrations in the liver biopsies 
were significantly increased in patients with cirrhosis after zinc supplementation for 
10 and 60 days, but some patients remained under normal values, particularly those 
with cirrhosis. No adverse reactions of zinc supplementation were observed in this 
study.

A long-term oral zinc supplementation (200 mg t.i.d. for 2–3 months) to cirrhotic 
patients including alcoholics produced beneficial effects on both liver metabolic 
function and nutritional parameters.15 Quantitative liver function tests, including 
galactose elimination capacity and antipyrine clearance, demonstrated that oral 
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zinc supplementation significantly improved liver metabolic function. Similarly, 
the Child-Pugh score, an overall estimation of hepatocellular failure, was improved 
by zinc supplementation on average by more than 1 point. Zinc supplementation 
also significantly improved nutritional parameters, including urinary excretion of 
creatinine, serum prealbumin, retinol-binding protein, and IGF-1. In particular, 
the serum IGF-1 was increased on average by 30% after zinc therapy. However, 
all nutritional parameters remained on average below the lower limit of the normal 
range. Glucose disappearance was improved by more than 30% in response to zinc 
therapy. There were no changes in pancreatic insulin secretion and systemic deliv-
ery or in the hepatic extraction of insulin. Insulin sensitivity, which was reduced by 
80% before treatment, did not change. Glucose effectiveness was nearly halved in 
cirrhosis before treatment, and significantly increased after zinc therapy. The data 
suggest that zinc treatment in advanced cirrhosis improves glucose tolerance via an 
increasing the effects of glucose per se on glucose metabolism.

In a recent study, the effects of a zinc compound (polaprezinc) on liver fibrosis 
in patients with chronic liver disease, including ALD, were determined.36 Patients 
received 34 mg zinc/day for 24 weeks. Oral polaprezinc supplementation increased 
serum zinc concentrations by 16.6% and 31.6% at 12 and 24 weeks, respectively. 
Serum type IV collagen levels, which reflect liver fibrosis, were decreased signifi-
cantly at 24 weeks in comparison to baseline level in the patients showing increased 
serum zinc level after polaprezinc supplementation. The tissue inhibitors of metal-
loproteinase 1 (TIMP-1) levels were reduced significantly in these patients. However, 
no significant changes were detected in the levels of other enzyme markers of fibro
genesis and fibrolysis such as MMP-1, MMP-2, MMP-3, and TIMP-2. The results sug-
gest that zinc may have an inhibitory effect on liver fibrosis through down-regulation  
of TIMP-1.

Several recent mechanistic studies in animal models have shown that zinc func-
tions as a hepatoprotective agent through regulation of antioxidant defense, cell pro-
liferation, and cell death. Zinc supplementation attenuates ethanol-induced hepatic 
zinc depletion and suppresses ethanol-induced oxidative stress, in part through 
enhancing glutathione (GSH)-related antioxidant capacity in the liver.29 At the cel-
lular level, zinc supplementation inhibits alcohol-induced hepatocyte apoptosis 
partially through suppression of death receptor–mediated pathway.37 Zinc supple-
mentation also stimulates hepatocyte proliferation through preservation of HNF-
4α.23 There are also extrahepatic actions of zinc in the prevention of alcoholic liver 
injury. Zinc supplementation preserves intestinal integrity and prevents endotoxemia, 
leading to inhibition of endotoxin-induced tumor necrosis factor α (TNF-α) produc-
tion in the liver.38 Induction of MT in the liver and intestine was associated with 
zinc supplementation, suggesting a link between MT with zinc action. Indeed, MT 
has been shown to have protective action against alcoholic hepatotoxicity in MT-TG 
mice.28 Although the hepatic and extrahepatic effects of zinc could be independent 
of MT,28,39 MT is critical to maintain high levels of zinc in the liver. Low levels of 
MT in the liver reduce endogenous zinc reservoir and sensitize the organ to alcohol-
induced injury.29 The coordination between zinc and MT is that MT maintains high 
levels of zinc in the liver, and releases zinc under oxidative stress conditions, leading 
to hepatoprotective action. Therefore, developing methods to maintain a high level 
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of MT in the liver is an attractive strategy to improve zinc homeostasis under ethanol 
exposure.

In summary, it is clear from animal studies that zinc attenuates the development/
progression of experimental ALD. Data in humans demonstrate reversal of certain 
zinc deficiency signs and symptoms with zinc supplementation. Major randomized 
long-term trials of zinc therapy in human ALD are unfortunately limited. Because of 
its excellent safety profile and because of the regular occurrence of zinc deficiency in 
ALD, we currently regularly supplement patients with ALD with 220 mg of zinc sul-
fate (50 mg elemental zinc) once a day with meals. Potential side effects are nausea 
(which is reduced with food intake) and copper deficiency with high doses (usually 
more than 220 mg of zinc sulfate three times a day).

11.3  Methionine

11.3.1 �I ntracellular Methionine Metabolism

In mammals, the liver plays a central role in methionine metabolism (Figure 11.2), 
as nearly half of the daily intake of methionine is metabolized there. The intracel-
lular methionine metabolism is initiated by the formation of S-adenosylmethionine 
(SAM) in a reaction catalyzed by methionine adenosyltransferase (MAT). SAM is 
the principal biological methyl donor via the transmethylation pathway, the precur-
sor of aminopropyl groups used in polyamine biosynthesis, and in the liver, a precur-
sor of GSH through its conversion to cysteine via the transsulfuration pathway. A 
healthy human adult produces 6–8 g of SAM per day, most of it in the liver where 
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it is also utilized in a variety of reactions. Under normal conditions, most of the 
SAM generated per day is used in transmethylation reactions in which methyl groups 
are added to a vast number of molecules including both high- and low-molecular 
weight compounds, via specific methyltransferases. These compounds include DNA, 
RNA, biogenic amines, phospholipids, histones, and other proteins; their methyla-
tion may modulate cellular functions and integrity. In this process, SAM is converted 
to S-adenosylhomocysteine (SAH), which is a potent competitive inhibitor of most 
methyltransferases studied; both an increase in SAH level as well as a decrease in 
the SAM/SAH ratio are known to inhibit transmethylation reactions.40–45 Therefore, 
the removal of SAH is essential.

The reaction that converts SAH to homocysteine and adenosine is reversible 
and catalyzed by SAH hydrolase. Because the thermodynamics favor the synthe-
sis of SAH, the reaction proceeds in the direction of hydrolysis only if the prod-
ucts, adenosine and homocysteine, are rapidly removed. In the liver, homocysteine 
is metabolized by transsulfuration and methionine resynthesis pathways. In the 
transsulfuration pathway, homocysteine condenses with serine to form cystathio-
nine in a reaction catalyzed by cystathionine β-synthase, which requires vitamin 
B6 as a cofactor. The activity of cystathionine β-synthase is allosterically regulated 
by SAM. Cystathionine is then cleaved by another vitamin B6-dependent enzyme, 
β-cystathionase, which results in the release of free cysteine, the rate-limiting pre-
cursor for reduced GSH synthesis. In the methionine resynthesis pathway, homo-
cysteine can be converted to methionine by two alternate reactions. One is catalyzed 
by methionine synthase (MS), which requires normal levels of folate and vitamin 
B12. A methyl group is transferred from N5-methyltetrahydrofolate (MTHF) to 
vitamin B12 to form methylcobalamine, which in turn transfers the methyl group 
to homocysteine to produce methionine. Another pathway is catalyzed by betaine-
homocysteine methyltransferase (BHMT), which requires betaine, a metabolite of 
choline.46–50

11.3.2 �A bnormal Metabolism of Methionine and Its Implication  
in the Development of ALD

Abnormal hepatic methionine metabolism is well documented in ALD, generally 
characterized by decreased hepatic SAM and folate levels, and increased hepatic 
SAH and homocysteine accumulation. A link between ethanol consumption and 
hepatic SAM depletion has been well established in both animal and human stud-
ies. Chronic ethanol administration depleted the hepatic concentrations of SAM in a 
variety of animal models of ALD including rats, mice, baboons, and micropigs.51–54 
Reduced hepatic SAM concentrations have also been reported in alcoholic hepatitis 
patients. Hepatic SAM depletion by chronic ethanol administration is associated with 
liver injury of variable magnitude including fatty liver, inflammation, and hepatitis in 
humans.55 Several mechanisms have been proposed for SAM depletion, those includ-
ing inactivation of MAT, excessive consumption of SAM by the liver, and inhibition 
of endogenous methionine synthesis due to impaired homocysteine methylation.

MAT is a critical cellular enzyme because it catalyzes the only reaction that gener-
ates SAM from methionine. In mammals, two different genes, MAT1A and MAT2A, 



Long-Term Management of Alcoholic Liver Disease	 167

encode for two homologous MAT catalytic subunits, α1 and α2. MAT1A is expressed 
only in the liver, whereas MAT2A is expressed in extrahepatic tissues and induced 
during liver growth and dedifferentiation.56,57 The decreased MAT activity in ALD 
occurs primarily by posttranslational mechanisms through either a change in the oli-
gomeric equilibrium of the liver-specific MAT (decrease in ratio of tetramer to dimer) 
or covalent modification of the enzyme without a change in the oligomeric equilib-
rium.58 Since the liver-specific MAT contains several critical cysteine residues, its 
activity is sensitive to oxidative stress. Modifications of these critical cysteine residues 
can inactivate the enzyme by direct interference with the substrate binding site(s) or 
by causing dissociation of the oligomers.59 Moreover, LPS administration results in 
liver-specific MAT inactivation via nitrosylation of its certain cysteine residues both 
in vitro and in vivo in animals.60 Since both oxidative stress and endotoxemia occur 
in ALD and contribute to the liver injury, these may represent critical mechanisms 
underlying the inactivation of the liver-specific MAT. Moreover, chronic alcohol 
exposure may deplete hepatic SAM concentrations by increasing SAM consumption. 
This was observed in a rat study in which chronic alcohol administration decreased 
hepatic SAM and GSH concentrations without affecting MAT activity,61 suggesting 
that the utilization of SAM is increased as a precursor for the synthesis of GSH to 
counteract alcohol-induced oxidative stress. Chronic ethanol administration has also 
been shown to decrease the hepatic activity of MS and reduce hepatic concentrations 
of folate and betaine,54,62–64 the factors known to participate in the resynthesis of 
endogenous methionine from homocysteine. Thus, alcohol may deplete hepatic SAM 
by inhibiting the synthesis of its endogenous precursor methionine.

Folate deficiency is another well-characterized metabolic abnormality in ALD. 
Folate is a water-soluble vitamin that plays an integral role in methionine metab-
olism and DNA synthesis. Folate in its 5-methyltetrahydrofolate (5-MTHF) form 
can transfer a methyl group to homocysteine via an MS-catalyzed reaction to form 
endogenous methionine, which is a precursor of SAM. Thus, folate helps maintain 
normal concentrations of homocysteine, methionine, and SAM. Folate deficiency 
can impair methionine metabolism, leading to hyperhomocysteinemia as well as 
depletion of methionine and SAM, the important features of ALD.65 Decreased 
serum or red blood cell folate concentrations in alcoholic patients who consume >80 
g ethanol/day have been reported both in the United States and in several European 
countries. Several potential mechanisms may be involved in folate deficiency in 
chronic alcoholism: intestinal malabsorption that may be due to decreased transcrip-
tion of the reduced folate carrier required for folate transport across intestinal mem-
branes, decreased liver folate storage, decreased liver uptake, or increased urinary 
excretion.66–68

In contrast to its effects on SAM and folate, chronic alcohol exposure elevates 
hepatic levels of homocysteine and SAH, two other important metabolites in hepatic 
methionine metabolism. Homocysteine is formed from methionine after removal 
of the methyl group on SAM and hydrolysis of SAH. Results of recent studies 
support the suggestion that hyperhomocysteinemia may play an important role in 
the development of alcohol-induced fatty liver, liver injury, and hepatic fibrogen-
esis.69 Elevated plasma homocysteine levels in patients with ALD is likely to be 
a consequence of deficiencies in vitamin B12, folate, and vitamin B6, as well as of 
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decreased activities of enzymes that metabolize homocysteine, such as MS, BHMT, 
and cystathionine b-synthase.70,71 Multiple cellular mechanisms are implicated in 
homocysteine-induced liver disease. Homocysteine-induced endoplasmic reticulum 
stress in hepatocytes72,73 and suppressed adiponectin production in adipocytes74 both 
contribute to the pathogenesis of ALD. Homocysteine enhances the production of 
several proinflammatory cytokines, including monocyte chemoattractant protein 1 
and interleukin 8, a T-lymphocyte and neutrophil chemoattractant.75,76 Moreover, in 
vascular smooth muscle cells, homocysteine promotes DNA synthesis and enhances 
collagen production, suggesting that homocysteine may serve as a direct fibrogenic 
mediator for vascular atherosclerosis.77–79 Furthermore, Torres et al.80 demonstrated 
induction of α1(I) procollagen and TIMP-1 mRNA expression by a human stellate cell 
line and TIMP-1 mRNA and activator protein 1 activation by cultured hepatocytes.

SAH, a direct product after SAM transfers its methyl groups to various com-
pounds, is catalyzed by many different methyltransferases, and, in turn, is a potent 
endogenous inhibitor of most methyltransferases. SAH is further metabolized to 
homocysteine and adenosine through a reversible reaction catalyzed by SAH hydro-
lase. The generation of SAH from homocysteine is thermodynamically favored over 
the synthesis of homocysteine. The reaction proceeds toward homocysteine synthe-
sis only when the products (homocysteine and adenosine) are removed by further 
metabolism. Chronic ethanol feeding has been shown to increase hepatic concentra-
tions of SAH in different animal models of ALD. Furthermore, hepatocytes obtained 
from ethanol-fed rats showed a significant twofold increase in SAH concentrations, 
which were further elevated when the hepatocytes were incubated with methionine. 
Although it remains unclear mechanistically, homocysteine accumulation may be one 
of the main causes for increased hepatic SAH concentrations. Recent results from our 
studies provide strong evidence that SAH accumulation plays an etiologic role in the 
pathogenesis of ALD. Our studies demonstrated that chronic alcohol exposure not 
only caused hepatic SAM deficiency in mice but also increased SAH levels, leading 
to significantly decreased intracellular SAM/SAH ratio, a reliable indicator of inhib-
ited transmethylation reactions. Also, we found that increased SAH accumulation 
sensitized hepatocytes to TNF-induced cell death.81 Moreover, SAH accumulation 
inhibited mitochondrial SAM transporters and thereby decreased intramitochondrial 
SAM levels. Furthermore, we showed that mitochondrial SAM depletion sensitizes 
hepatocytes to TNF cytotoxicity.82 Lastly, abnormal SAM metabolism may play a 
role in the emerging area of epigenetics in ALD.

11.3.3 �C orrection of Abnormal Methionine Metabolism as a Therapy

11.3.3.1 �SA M Therapy
SAM therapy for ALD is based on the fact that SAM is essential for multiple meta-
bolic reactions and that chronic ethanol administration depletes its hepatic concen-
tration in association with liver injury in animals and humans. SAM administration 
attenuated alcohol-induced steatosis and restored hepatic GSH concentrations in 
rats, and it attenuated ethanol-induced depletion of mitochondrial GSH and restored 
mitochondrial function in hepatocytes.83 In mice, SAM treatment significantly atten-
uated acute alcohol–induced liver injury characterized by attenuation of alcohol-
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induced steatosis, necrosis, and increased alanine transaminase activity, which was 
associated with restoration of hepatic SAM and mitochondrial GSH concentrations 
and attenuation of lipid peroxidation.84 In baboons, SAM attenuated alcohol-induced 
liver injury by repairing mitochondrial injury, which restored plasma GSH concen-
trations and decreased plasma concentrations of AST.51 Clinically, the therapeutic 
potential of SAM was tested in a 24-month randomized, placebo-controlled, double-
blind, multicenter clinical trial in 123 patients with alcoholic cirrhosis.85 SAM treat-
ment improved survival or delayed the need for liver transplantation in patients with 
alcoholic liver cirrhosis, especially in those with less advanced liver disease. In this 
trial, increased hepatic concentrations of GSH may have contributed to the benefi-
cial effect of SAM because, in another study, oral administration of 1.2 g SAM/day 
for 6 months significantly increased hepatic GSH concentrations in ALD patients.86 
Although this one large multicenter study showed some beneficial effect of SAM, 
other studies are needed to document this beneficial effect and define appropriate 
dosing schedules. 

11.3.3.2 �F olate Therapy
It is clear that folate deficiency in micropigs accelerates alcohol-induced liver 
injury through multiple pathways. However, with folic acid fortification in the cur-
rent American diet, chronic alcohol exposure may not lead to major hepatic folate  
deficiency. Whether further folate administration will attenuate human ALD is 
unknown. Despite unclear indications, we frequently supplement with folate in 
patients with ALD.

11.3.3.3 �B etaine Therapy
Betaine is highly effective in reducing homocysteine levels and removing fat from 
the liver in experimental models of alcohol-induced liver injury. Unfortunately, 
good randomized studies in human ALD are lacking, as are dose-finding studies in 
humans. This is unfortunate because betaine is much more stable than SAM, and its 
absorption is much better characterized. Human studies are clearly warranted, but 
we do not supplement with betaine at present.

11.4 �S elected Other Vitamin and Mineral Deficiencies  
as Related to ALD

11.4.1 �V itamins

11.4.1.1 �V itamin B1/Thiamine
Thiamine deficiency is common in many forms of cirrhosis, including alcoholic cir-
rhosis. In a comparison study among patients with alcoholic cirrhosis, hepatitis C 
virus–induced cirrhosis, and hepatitis C without cirrhosis (no healthy controls were 
used), thiamine deficiency frequency was similar in cirrhotic patients regardless of 
cause. No patients with hepatitis C without cirrhosis were found to have thiamine 
deficiency, suggesting that hepatitis infection itself does not affect thiamine levels. 
No correlation was found between thiamine deficiency and severity of liver disease 
as measured by Child–Pugh score, serum albumin, Knodell activity index, or fibrosis 
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score.87 Thiamine deficiency can be caused by inadequate intake, decreased hepatic 
storage, and both acute and chronic impairment of intestinal absorption by ethanol.88

Wernicke–Korsakoff syndrome (WKS) is a severe mental disturbance caused 
by thiamine deficiency and is often associated with alcoholism (due to the high 
prevalence of thiamine deficiency among alcoholics). WKS can be described in two 
distinct stages. The first stage is Wernicke’s encephalopathy, due to acute thiamine 
deficiency, which is generally reversible by treatment with large doses of thiamine. 
If this treatment is not given, long-term damage to brain tissue may occur, resulting 
in Korsakoff’s psychosis. Supplementation with thiamine will not reverse the effects 
of Korsakoff’s psychosis because of permanent brain damage. Signs/symptoms of 
WKS include acute confusion, nystagmus, ophthalmoplegia (paralysis of the ocular 
muscles), ataxia, short-term memory loss, and even death, although not all of these 
symptoms need to be present to diagnose WKS. Onset of WKS is often precipitated 
by illness, alcoholic seizures, or delirium tremens.89

Peripheral neuropathy has also been associated with deficiencies of vitamins 
such as thiamine, folate, pyridoxine, pantothenic acid, or nicotinic acid.89 Alcoholic 
patients sometimes experience peripheral neuropathy, and 90% of these patients also 
had low serum thiamine levels in one study.90

11.4.1.2 �V itamin B2/Riboflavin
Riboflavin deficiencies have been noted in both alcoholic and nonalcoholic cirrhotic 
patients. This may be explained by inadequate intake, increased utilization, defi-
cient absorption and storage, or abnormal metabolism.91 Low levels of riboflavin 
may be associated with glossitis, cheilitis, and lingual papillae atrophy in alcoholic 
patients.90

11.4.1.3 �V itamin B3/Niacin
Niacin deficiency, or pellagra, may be associated with chronic alcoholism. Alcoholic 
pellagra encephalopathy (APE) is less common than WKS and is thought to be 
underdiagnosed. Symptoms include confusion, oppositional hypertonus, myoclo-
nus, cogwheel rigidity, hallucinations, insomnia, tremor, ataxia, peripheral neuropa-
thy, seizures, anxiety, depression, excitement, neurasthenia, grasping and suckling 
reflexes, and fecal or urinary incontinence. Because APE often occurs concomitantly 
with other alcoholic encephalopathies, it is often difficult to diagnose. Vitamin sup-
plementation (e.g., thiamine, pyridoxine) for other diagnosed encephalopathies with-
out treatment of APE (via niacin supplementation) has often intensified or induced 
APE symptoms.89

11.4.1.4 �V itamin B6/Pyridoxine
Chronic alcohol abuse has been shown to lower hepatic stores of pyridoxine.92 Low 
pyridoxine levels may contribute to hypochromic anemia in alcoholic patients with 
normal iron levels. Vitamin B6 is required for the production of GSH from homo-
cysteine (see previous sections). GSH is an important antioxidant, and free radical 
damage contributes to the development of ALD. B6 deficiency in alcoholics may 
contribute to the liver damage caused by alcohol and other toxic agents.93
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11.4.1.5 �V itamin D
Decreased serum vitamin D among alcoholics may be attributable to inadequate 
intake, malabsorption resulting from cholestasis and pancreatic insufficiency, or low 
sunlight exposure. Decreased vitamin D may contribute to lowered bone density and 
mass as well as increased susceptibility to osteonecrosis and bone fractures.92

In a study of 181 alcoholic men and 43 healthy male controls, vitamin D, osteo-
calcin, parathyroid hormone, IGF-1, and bone mass were all found to be decreased 
among alcoholics. No correlation was found between bone loss and amount of alco-
hol consumed or severity of liver disease. Rather, a correlation was found between 
malnutrition and bone loss. Alcoholic patients tended to have significantly lower 
body mass index (BMI), but for patients with a similar BMI to healthy controls, bone 
loss was more severe in alcoholics. Alcoholics with very irregular food intake habits 
drink more ethanol and present greater impairment of nutritional status, indicating 
that periods of malnutrition may intensify bone loss.94 Indeed, in a study in rats, 
serum vitamin D levels decreased with a protein-deficient diet, and this effect was 
compounded when ethanol was also administered. Vitamin D levels were found to 
be directly related to final weight, serum albumin, and serum osteocalcin.95

The vitamin D receptor is a nuclear hormone receptor, and its activation is 
increasingly recognized as important in functions unrelated to bone, especially 
immune function. Potential anti-inflammatory and antifibrotic effects are under 
active investigation.96

11.4.1.6 �V itamin A/Retinol
The liver is the major storehouse for vitamin A, with high levels in hepatic stel-
late cells. When quiescent stellate cells become activated, they lose their vitamin A 
stores and are then capable of producing collagen and subsequent fibrosis. Vitamin 
A deficiency (low serum levels and abnormal dark adaptation) is present in approxi-
mately 50% of alcoholic cirrhotic patients,10 and alcoholics have been shown to have 
very low concentrations of hepatic vitamin A at all stages of their disease.97 Thus, 
hepatic stores of vitamin A may become severely depleted in ALD, even if liver 
damage is moderate, and serum vitamin A and retinol-binding protein levels are still 
within normal limits. This occurs both via a migration of vitamin A from the liver 
to extrahepatic tissues and by an increased rate of retinoid catabolism. This effect is 
amplified when drugs and other xenobiotics are combined with ethanol.

The retinoic acid receptor, retinoid X receptor α (RXRα), is a nuclear hormone 
receptor highly expressed in the liver. Knockout RXRα mice were used to study the 
role of RXRα in ethanol metabolism, in part because vitamin A and ethanol are 
metabolized through overlapping pathways and that vitamin A deficiency and ethanol 
toxicity cause similar birth defects.98 RXRα-KO mice were found to have increased 
alcohol dehydrogenase 1 (ADH-1) protein and activity levels, whereas mRNA levels 
remained unchanged. Ethanol clearance from the blood and livers of knockout mice 
was also enhanced, which was attributed to the increased ADH-1 activity. Activity 
of acetaldehyde dehydrogenase (ALDH) and glutathione S-transferase (GST) were 
decreased in knockout mice. The decreased ALDH activity contributed to the slower 
clearance of acetaldehyde. Faster production of acetaldehyde by ADH-1 combined 
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with slower clearance by ALDH contributed to an observed rise in circulating acet-
aldehyde. RXRa-KO mice had a greater susceptibility to ALD, which was likely 
caused by the increased levels of circulating acetaldehyde. Moreover, Dai et al.99 
found that a deficiency in the expression of the RXRα led to a reduction of SAM and 
GSH levels and resulted in a more severe liver injury in mice fed ethanol intragas-
trically for 25 days. These cumulative data suggest that activation of the RXRα by 
vitamin A may have a hepatoprotective effect against ALD,98 and this activation may 
be inadequate in vitamin A–deficient alcoholics.

11.4.2 � Minerals

11.4.2.1 � Magnesium
Magnesium deficiency is common among alcoholics. Indeed, serum magnesium has 
been reported to be decreased in both alcoholic and nonalcoholic steatosis. Depleted 
intracellular magnesium stores in alcoholics can occur for multiple reasons including 
decreased intake and/or accumulation of saturated fatty acids on cell membranes.100 
Urinary excretion of magnesium and calcium was found to be increased in a dose-
dependent manner following even moderate amounts of alcohol intake,101 and this 
can contribute to the magnesium deficiency in alcoholics.

Magnesium deficiency has frequently been associated with peripheral insulin 
resistance. Indeed, nondiabetic patients with insulin resistance have been treated 
with magnesium with improvement of peripheral insulin resistance.102 Magnesium 
deficiency also has been reported to significantly improve AST levels in some stud-
ies.103 Lastly, magnesium is often associated with muscle cramps, and magnesium 
supplementation has been shown to significantly improve muscle cramps during 
pregnancy.104 We frequently use magnesium supplements in our patients with alco-
holic cirrhosis who experience muscle cramps (magnesium oxide, one tablet, p.o. 
daily).

11.4.2.2 �S elenium
Selenium is incorporated as selenocysteine at the active sites of multiple seleno
proteins.105,106 The best recognized of these are the GSH peroxidase enzymes, which 
play a critical role in antioxidant defense systems. Thioredoxin reductase is also a  
selenocysteine-containing enzyme. Selenoproteins are also important for thyroid 
function, muscle metabolism, and sperm function, as well as immune function. 
Selenium status is usually determined by the serum selenium concentration, or 
by determining a marker of selenium status, such as erythrocyte GSH peroxidase 
activity.

Several studies have shown that subjects with ALD have decreased serum, whole 
blood, and hepatic selenium.107–111 Dworkin et al.110 noted that hepatic selenium 
deficiency correlated with prothrombin time, but not bilirubin, albumin, or AST. 
Gonzalez-Reimers and colleagues109 also found that selenium levels were related 
to prothrombin activity and nutritional status, and more closely related to nutri-
tional status. A German study including mild to moderate ALD found that even in 
males consuming a normal diet (with alcohol as added calories), selenium status was 
depressed.111 We could not find trials of isolated selenium supplementation in ALD 
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patients, but selenium and multiple other antioxidants did not significantly improve 
alcoholic hepatitis.112

11.5 �O verall Nutritional Intervention

Interest in the role of nutritional support as therapy for ALD was first stimulated by 
early studies by Patek and Post113 demonstrating that a “nutritious diet” improved 
5-year outcome in patients with alcoholic cirrhosis, compared with historical con-
trols. Two large Veterans Administration Cooperative Studies114–116 highlight the 
regular occurrence of malnutrition in hospitalized patients with alcoholic hepatitis. 
The first demonstrated that every patient with alcoholic hepatitis had some degree of 
malnutrition, and severity of malnutrition correlated with mortality (Table 11.2).117 
An inverse relation was noted between energy intake and mortality rate (Figure 11.3). 
Before hospitalization, patients with alcoholic hepatitis were consuming more than 
3000 calories a day, but almost 50% of those calories were in the form of alcohol, 
which represents “empty calories” with virtually no nutritional benefit. Although 
caloric intake was high, protein consumption was low, with less than 8% of calo-
ries being consumed as protein. Moreover, when patients were stratified according 
to severity of their alcoholic hepatitis, patients with more severe disease consumed 
fewer nonalcohol calories. Once these patients were hospitalized, many tended to 
have severe anorexia. Indeed, despite the fact that these patients had aggressive 
dietary and nursing support, only 67% of patients consumed recommended calo-
ries in the hospital. These studies highlighted the high frequency of malnutrition in 
patients with alcoholic hepatitis and the potential need for tube feeding in subjects 
unable to voluntarily consume enough food.

Several more recent studies support a role for nutritional support in patients hos-
pitalized for ALD. In one trial, liver function, as assessed by serum bilirubin levels 
and antipyrine clearance, improved significantly in patients who received enteral 
nutritional supplementation through a feeding tube, compared with that in patients 
who ate a hospital diet.118 Patients who received nutritional supplementation also 

TABLE 11.2
Acute and Long-term Mortality in Alcoholic Hepatitis Associated with 
Varying Degrees of Protein–Calorie Malnutrition (PCM) 

Duration of 
Follow-Up 
(months)

Severity of PCM (%)
p

Mild (110) Moderate (209) Severe (33)

1 2 15 52 < .001

6 7 31 67 < .001

12 14 43 76 < .001

Source:	 Data from Mendenhall, C. L., Tosch, T., Weesner, R. E., Garcia-Pont, P., et al., Am J Clin Nutr 
43, 213–218, 1986.

Note:	 n, number of patients; p value at each period is determined by c2 test.
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had significantly greater protein and caloric intake. In a pivotal multicenter study 
by Cabré and coworkers,119 patients were randomized to receive prednisone, 40 mg 
daily, or a liver-specific formula containing 2000 calories per day, through a feed-
ing tube. The 1-month mortality rates were similar in both groups, but the 1-year 
mortality rate was significantly lower in the patients who received the enteral nutri-
tion, in great part because of reduced infectious complications, in comparison with 
patients who received glucocorticoids. This study clearly demonstrates the important 
role of enteral nutrition in hospitalized patients with severe ALD. Tube feeding in 
patients with ALD is probably underutilized in most hospitals because of concerns 
about precipitating hepatic encephalopathy or stimulating bleeding from esophageal 
varices, neither of which has been documented. Most patients can probably tolerate 
standard enteral products. Only selected patients with overt hepatic encephalopathy 
require liver-specific products rich in branched-chain amino acids in our opinion, 
although there remains debate in this area.120,121 A well-defined approach is required 
to achieve appropriate nutritional support in the hospitalized patient with ALD, and 
our overall approach is outlined in Table 11.3.

Studies of nutritional support in outpatients are limited, but Hirsch and col-
leagues122 demonstrated that patients from an outpatient liver clinic who took an 
enteral nutrition support product containing 1000 kcal and 34 g of protein had signif-
icantly improved protein intake and fewer hospitalizations in comparison with those 
not receiving the supplement. This group also showed that an enteral supplement 
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improved nutritional status and immune function in outpatients with alcoholic cir-
rhosis.123 It is well documented that patients with alcoholic cirrhosis metabolically 
enter a starvation mode more rapidly than normal volunteers because of decreased 
glycogen stores in their livers. This is the rationale for nocturnal supplements to 
patients with cirrhosis. In probably the most comprehensive and recent outpatient 
study to date, daytime versus evening enteral supplements were evaluated in patients 
with cirrhosis.124 Nighttime enteral supplements were shown to be superior by many 
nutritional indices and patients’ improved nutritional status over a 1-year period as 
assessed by studies such as fat-free mass.

11.6 �S ummary

We have described in detail the complex interactions of two nutritional alterations 
(zinc, methionine) in the development and progression of ALD and have highlighted 
other individual nutritional deficiencies in ALD. Nutritional support can improve 
nutritional status and, in some patients, may enhance liver function and decrease the 
risk of death in ALD. Assessment of nutritional status and nutritional supplementa-
tion should be pursued aggressively in both inpatients and outpatients with ALD, 
especially those with more severe alcoholic hepatitis and cirrhosis.
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12.1 � Introduction

A number of inborn errors of metabolism lead to liver disease. In some of these 
errors, the functional metabolic defect is located in the liver. For some of these dis-
eases, dietetic therapy is central to their management. In this chapter we discuss the 
nutritional management of aminoacidopathies, glycogen storage disease (GSD), and 
disorders of fatty acid oxidation.

12.2 �Di sorders of Amino Acid Catabolism

There are many disorders of amino acid catabolism. Some disorders, such as PKU, 
are specific to individual amino acids. In others, the deficient enzyme is involved 
in the breakdown of a group of amino acids [e.g., branched-chain ketoacid dehy-
drogenase (BCKD) in maple syrup urine disease (MSUD)]. In urea cycle disorders 
(UCDs), the detoxification of ammonia, common to the breakdown of all amino 
acids, is affected. Although these disorders are metabolic intoxications that predom-
inantly affect the nervous system and do not cause liver disease per se, the involved 
enzymes are expressed in hepatocytes and the metabolic defect is present in the 
liver. Indeed, liver transplantation can be curative in these disorders (Meyburg and 
Hoffmann, 2005).

In the following sections, we will briefly describe some of the more common amino
acidopathies, discuss the general principles involved in their dietary management,  
and give some specific examples of how they are applied in practice (Table 12.1).

12.2.1 �P henylketonuria

Phenylketonuria (PKU) is one of the most common inherited metabolic disorders, 
with an incidence of about 1 in 10,000 (Scriver and Kaufman, 2001). The majority of 
cases result from a deficiency in phenylalanine hydroxylase (PAH), which converts 
phenylalanine into tyrosine. In rare cases, deficiency of tetrahydrobiopterin (a cofac-
tor of PAH) is the culprit. Key concepts of inborn errors and their dietary manage-
ment are summarized in Table 12.1.

TABLE 12.1
Summary of the Key Concepts Underlying Inherited Metabolic Diseases and 
Their Dietary Management
1. Inherited metabolic diseases are genetic diseases involving the pathways of intermediary metabolism.

2. Many of these metabolic pathways are expressed in the liver.

3. �Disease can be caused by buildup of toxic molecules that can no longer be degraded or by deficiency 
of essential products that are no longer made.

4. Severity of disease depends on the residual flux through the affected pathway.

5. Patients commonly present in an acute crisis, often triggered by intercurrent infection or by fasting.

6. �Dietary treatments are aimed at restoring metabolic balance either by minimizing flux through the 
affected pathway, and hence preventing the accumulation of toxic metabolites, and/or by replacing 
missing products of metabolism.
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The infant brain is sensitive to high phenylalanine levels and, if left untreated, 
PKU can lead to severe mental retardation. Microcephaly is common and about 25% 
of patients have epilepsy. Many older patients have behavioral problems and some 
suffer from psychotic illnesses. A few patients develop movement disorders with 
pyramidal and extrapyramidal signs (Brenton and Pietz, 2000). Although most of 
the pathology is related to brain damage, eczema is also common.

The evidence suggests that high levels of phenylalanine are directly toxic to the 
developing brain, but the mechanism by which phenylalanine causes damage has not 
been elucidated. It has been suggested that abnormalities in neurotransmitters, par-
ticularly dopamine, which is derived from tyrosine, the levels of which can be low in 
PKU, might be involved (Surtees and Blau, 2000).

12.2.2 � Maple Syrup Urine Disease

MSUD is a defect of catabolism of the branched-chain amino acids (BCAAs) valine, 
leucine, and isoleucine, due to deficiency of BCKD (Chuang and Shih, 2001). MSUD 
derives its name from the aroma of the accumulated ketoacids excreted in urine. 
Classical untreated MSUD, with complete deficiency of BCKD, usually presents in 
the first week of life with nonspecific symptoms that rapidly progress to encepha
lopathy and death. Partial enzyme activity can result in an intermediate phenotype 
with variable developmental delay and sometimes intermittent, acute encephalo-
pathic episodes.

Neurotoxicity is directly related to the degree and duration of elevation of the 
plasma leucine concentration. Acute MSUD is characterized by confusion, hyper-
activity, hallucinations, dystonia, and ataxia, which eventually lead to coma. With 
timely treatment, death and neurodisability can be avoided, even in severe classical 
forms of MSUD.

12.2.3 � Methylmalonic Aciduria and Propionic Acidemia

Propionic and methylmalonic acid are biochemical intermediates of BCAA deg-
radation (Fenton et al., 2001). These organic acids have many roles in intermedi-
ary metabolism; they participate in the degradation of other amino acids, fatty acid 
metabolism, the Krebs cycle, gluconeogenesis, and detoxification of ammonia. The 
most severe forms result in neonatal encephalopathy, which is often fatal. Milder 
phenotypes may present later in life with acute encephalopathy, developmental delay, 
movement disorder, or behavioral disturbance. Survivors can suffer from a number 
of long-term problems; acute pancreatitis, cardiomyopathy and osteopenia occur in 
both diseases, whereas progressive renal tubular disease is a specific feature of meth-
ylmalonic aciduria.

12.2.4 �U rea Cycle Disorders

The breakdown of dietary and endogenous protein leads to the production of nitro-
gen, which must be excreted from the body. The urea cycle is the metabolic path-
way that achieves this by incorporating excess nitrogen into urea to be excreted in 
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the urine (Figure 12.1). Enzyme defects interrupting this pathway lead to hyperam-
monemia (Brusilow and Horwich, 2001). In its most severe form, this presents in 
the neonatal period and results in encephalopathy, cerebral edema, and death. In 
patients presenting later in life, and particularly adult patients, hyperammonemia 
can present subacutely, often with psychiatric features. Metabolic decompensation is 
often triggered by intercurrent illness, or fasting, which can lead to a catabolic state 
and breakdown of endogenous protein; excessive dietary protein intake can also be 
a precipitant.

12.2.5 �P ractical Applications

12.2.5.1 � Principles of Dietary Management
In disorders of amino acid metabolism, toxic metabolites are produced when there 
is excessive breakdown of protein. The protein entering the degradative pathway can 
either be exogenous in origin (e.g., dietary protein) or endogenous (e.g., in general-
ized catabolic states such as starvation or intercurrent infection). The amount of 
protein turnover that can be tolerated varies from patient to patient and depends on 
the residual activity of the affected metabolic pathway.

The basic aim of dietary management is to reduce the flux through the affected 
metabolic pathway to a point where the accumulation of toxic metabolites is pre-
vented or controlled at levels that do not give rise to significant clinical manifesta-
tions. Management can be split into two phases: long-term treatment, which is aimed 
at maintaining health by preventing acute episodes, and long-term complications and 
control of acute metabolic decompensations.
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FIGURE 12.1  The urea cycle. Reactions of the urea cycle are shown. Urea cycle disorders 
can be caused by deficiency of any of these enzymes (shown in italics).
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12.2.5.2 �L ong-Term Management
Diet is a major element in the management of all these disorders. We will use PKU as 
an example to illustrate the principles involved in the dietary management of amino 
acid disorders and discuss some specific issues relating to other disorders.

12.2.5.3 � Phenylketonuria
Newborn screening for PKU was introduced in the UK in 1969. Diagnosis is now 
made in the first week of life, and it is possible to institute dietary therapy before the 
infant sustains any irreversible brain damage. This has completely transformed the 
prognosis of this disorder.

There are four elements in the dietary management of PKU: restriction of natural 
protein, use of synthetic supplements to provide adequate essential amino acids and 
micronutrients, use of special protein-free foods to provide adequate calorie intake, 
and regular monitoring of blood phenylalanine concentrations.

Natural protein intake, traditionally measured in the UK as phenylalanine ex
changes (one exchange containing 50 mg of phenylalanine) is titrated to maintain 
blood phenylalanine concentrations lower than set target levels, which vary with age 
and country (Table 12.2). Synthetic, phenylalanine-free amino acid supplements are 
given (Macdonald et al., 2004). In childhood, the dose is adjusted to maintain nor-
mal growth. In adults, a fixed dose (equivalent to 60 g of natural protein in our clinic) 
is given. Modern supplements often include micronutrients as well, but if necessary 
these can be given separately. If protein-restricted diet and supplements do not sup-
ply enough calories to maintain growth in children or weight in adults, then special 
low-protein and protein-free dietary products (bread, pasta, rice, flour, etc.) can be 
added to the diet to meet energy requirements.

Strict control of phenylalanine levels in infancy and early childhood allows nor-
mal intellectual development, and patients with PKU now lead normal lives with 
intellectual and physical achievements similar to their peers. Their diet, however, 
is quite demanding and although compliance is normally good in infants and young 
children, it is not uncommon for older children and young adults to want to be able 
to eat the same things as their friends and family. Although there was initially 
much concern about what would happen to adolescent patients if they stopped their  

TABLE 12.2
Target Blood Phenylalanine Concentrations for UK Patients with PKU on 
Dietary Treatment

Age (years) Target Blood Phenylalanine Concentrations (µmol/L)

  0–4 120–360

  5–10 120–480

11–12 120–700

Adolescents/Adults 120–700

Note:	 Normal adult reference range is 33–81 µmol/L.
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low-protein diets and their phenylalanine levels went up, experience has on the whole 
been good, and it now seems that after the age of 10 years, the brain is no longer 
susceptible to the sort of irreversible injury seen in infant brains exposed to high 
phenylalanine levels (Brenton and Pietz, 2000).

There continue to be concerns about the possible effects of long-term exposure 
to high phenylalanine levels on the adult brain. There have been case reports of the 
development of complications such as spastic paraplegia, but these seem to relate 
to the micronutrient deficiencies these patients can develop when they stop taking 
their supplements (due to the poor quality of their diets) rather than to phenylalanine 
exposure per se. Magnetic resonance imaging studies have shown areas of high sig-
nal intensity in some patients with high phenylalanine levels, but these are reversible 
with the reinstitution of diet and do not appear to be clinically significant (Cleary 
et al., 1995). Neuropsychological studies have shown that performance on certain 
tests of executive function can be related to phenylalanine levels, but these effects 
are not consistent and their significance to everyday life is unclear (Channon et al., 
2007). Some patients choose to remain on diet because they feel they function better 
when phenylalanine levels are controlled, often citing improved energy levels and 
concentration.

In the UK, however, up to 75% of adult patients are on unrestricted diets, and 
most of them do not feel that this has a significant impact on their lives and are clini-
cally well. However, these patients, who initiated diet in infancy, are still relatively 
young and it is important to continue to monitor them closely, both to check their 
micronutrient status and to carefully document their neurological progress as they 
continue to age.

12.2.6 �O ther Disorders

The management of disorders in which the degradation of specific amino acids is 
impaired (MSUD, tyrosinemia) is basically the same as that of PKU with different, 
specific amino acid supplements being available for each disorder.

In UCDs, the aim is to restrict protein intake to a level where the residual urea 
cycle activity is sufficient to prevent ammonia levels from rising excessively. The 
problem here is that, as ammonia can be generated from all amino acids, it is not 
possible to use a synthetic supplement to make up the protein requirements (Singh, 
2007). Fortunately, there are available drugs that can detoxify ammonia through 
alternative metabolic pathways (e.g., sodium benzoate, sodium phenylbutyrate) 
(Enns et al., 2007). In more severely affected patients, these can be used to increase 
protein tolerance and allow the introduction of essential amino acid supplements.

12.2.7 � Management of Acute Decompensation

Acute metabolic decompensations can occur in MSUD, the organic acidemias, and 
UCDs. These can be triggered by excessive dietary protein intake, but are more often 
related to catabolism triggered by an intercurrent illness, by fasting, often before 
surgery or, particularly in UCDs, in the puerperium, when involution of the uterus 
involves considerable protein breakdown.
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In acute decompensation, medical treatment is often required to reduce the levels 
of toxic metabolites. Hemodialysis can be used to remove ammonia and toxic amino 
acids (e.g., leucine in MSUD) from the circulation. Intravenous drugs such as sodium 
benzoate, sodium phenylbutyrate, and arginine are used in hyperammonemia. The 
aim of dietary management is to reduce protein breakdown by removing all dietary 
sources of exogenous protein while providing enough calories to prevent catabolism 
of endogenous protein.

Initially, calories are given in the form of carbohydrate. If the patient is capable of 
taking them orally, glucose polymers such as Maxijul can be used. They can also be 
given to the unconscious patient via a feeding tube. Otherwise, an intravenous infu-
sion of 10% dextrose is given at a rate of 2 mL/kg/h, in adults. Sometimes this will 
be successful in switching off catabolism, and metabolite levels will decrease and 
the patient’s condition will start to improve after several hours.

If the patient’s condition does not improve within 24–48 hours, then more com-
plex nutrition will be required. By this stage, continuing absolute protein restriction 
will enhance endogenous protein breakdown to sustain obligatory de novo protein 
synthesis and, therefore, becomes counterproductive. If the patient is eating, then 
(s)he should be given amino acid supplements and it may be possible to intro-
duce some natural protein into the diet. If the patient is unconscious, supplements 
should be given enterally by tube feeding if possible. Occasionally, TPN may be 
required; in these cases, it is important to use products with suitable amino acid  
contents.

12.2.8 �P regnancy

Pregnancy in women with aminoacidopathies offers a new set of challenges because 
it is necessary to consider the well-being of the fetus as well as the mother.

Maternal PKU syndrome, consisting of a combination of cardiac and skeletal 
defects, microcephaly, developmental delay, and low birth weight, is well recog-
nized in babies exposed to high levels of phenylalanine in utero (Levy and Ghavami, 
1996). It was thought that the teratogenicity of phenylalanine would limit the repro-
ductive options of women with diet-treated PKU: phenylalanine levels in the target 
ranges used for adults did not prevent the maternal PKU syndrome. Further research 
has shown, however, that with very strict dietary control, maintaining plasma phe-
nylalanine levels between 100 and 250 µmol/L throughout pregnancy, birth defects 
can be prevented and the developmental outcome appears to be good. Ideally, moth-
ers are commenced on a preconception diet, with the aim of getting phenylalanine 
levels into this target range before they conceive (Maillot et al., 2008). If women do 
conceive when phenylalanine levels are higher than this, then the evidence suggests 
that, provided that the levels can be brought into the target range before 8 weeks of 
gestation, the outcome can be good.

Maintaining these phenylalanine levels can be challenging, particularly during 
early pregnancy. Morning sickness poses special problems: low calorie intake can 
lead to a catabolic state, which pushes phenylalanine levels up. In these conditions, 
it may be necessary to omit all natural protein from the diet and it is important to 
make sure that women are taking sufficient amino acid supplements and calories to 
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suppress catabolism and support fetal growth. Fortunately, as pregnancy progresses 
and fetal growth accelerates, the mother’s protein tolerance tends to increase mark-
edly and their diet becomes less restricted. Once the baby is born, the mother may 
return to a normal, unrestricted diet, if she wishes.

Although the clinical experience of pregnancy in the other aminoacidopathies is 
limited, concerns for fetal health are less and raised maternal levels of amino acids 
such as leucine do not appear to be teratogenic. Careful monitoring is recommended 
throughout to ensure that the nutritional needs of both mother and fetus are met. In 
UCDs and MSUD, mothers are at risk for metabolic decompensation in the puer-
perium, as the uterus involutes, and it is important to remember that the mothers’ 
protein tolerance may decline sharply after birth (although the demands of breast-
feeding should be taken into account).

12.3 � Glycogen Storage Diseases

GSDs are a heterogeneous group of inherited disorders of carbohydrate metabo-
lism. They are individually rare, with an incidence of 1 in 100,000 to 1 in 300,000 
(Chen, 2001). With intensive therapy, their childhood mortality has improved but has 
brought a burden of chronic adult morbidity.

Most GSDs are single enzyme defects within the glycogenolytic or gluconeogenic 
pathways (Table 12.3). Enzymes may be required for hepatic or muscular glyco
genolysis or both. The pivotal role of the liver in providing energy to the muscle 
during exercise means that isolated hepatic defects will still have secondary muscle 
effects. GSD type II and type IV are not defects in energy metabolism and thus have 
little in common with the others and will not be considered here further.

TABLE 12.3
Classification of GSDs

Type Enzyme Deficiency Eponym

Ia Glucose-6-phosphatase Von Gierke

Ib Glucose-6-phosphate transporters

II Lysosomal acid maltase Pompe

III Debrancher enzyme Cori/Forbe

IV Brancher enzyme Andersen

V Myophosphorylase McArdle

VI Hepatic phosphorylase Hers

VII Phosphofructokinase Tarui

IX Phosphorylase b kinase

XI GLUT 2 Fanconi-Bickel

0 Glycogen synthase

Note:	 Classification of GSDs according to the historical numbering system, the enzyme defect, and the 
eponym.
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12.3.1 �H epatic Glycogenoses

Hepatic glycogenoses present with fasting hypoglycemia, hepatomegaly, central and 
facial adiposity, short stature, and poor musculature.

GSD I is the most severe disorder as there is not only an abnormality of gly-
cogenolysis, but also of gluconeogenesis. Glucose-6-phosphate cannot cross cell 
membranes and is metabolized within the liver leading to hyperlactatemia, hyper
cholesterolemia, hypertriglyceridemia, and hyperuricemia (Figure 12.2).

In GSD 0, III, VI, and IX, gluconeogenesis is preserved. Fasting induces intense 
ketosis. Some individuals have chronic lipid abnormalities, but milder than in GSD I. 

12.3.2 �P ractical Applications

The aim of therapy is to mimic the role of the liver in providing a continuous and 
responsive delivery of glucose to the body on fasting. Hypoglycemia is prevented 
as are the secondary metabolic abnormalities, which result from the hormonal 
responses to hypoglycemia.

Dietary therapy aims to provide a continuous supply of glucose based on basal 
glucose production rates in normal children. The method of administration varies 
with age of the child and between centers. Babies are commenced on continuous 
overnight nasogastric feeding with milk and frequent, usually 2-hourly, milk feeds 
during the day to give the calculated glucose requirement. At weaning, some milk 
feeds are exchanged for measured carbohydrate meals. To prevent excess supply of 
other nutrients and decrease of appetite in older infants, overnight milk is replaced 
with a glucose polymer solution.

In children, uncooked cornstarch (UCCS) is given as a slurry made with milk or 
water. UCCS is not easily absorbed and needs to be introduced slowly to avoid bloat-
ing and diarrhea. UCCS is slowly digested to release glucose. The aim is to allow 
a normal eating pattern with three meals per day. There is variable practice with 
regard to UCCS at night. Some feel the risk of sudden devastating hypoglycemia 
with discontinuation of continuous feed contraindicates this approach unless there is 
no alternative (Wolfsdorf and Crigler, 1997). In some individuals, normoglycemia is 
only maintained for a very short time after UCCS and they would require multiple 
doses at night with disruption of sleep and growth (Lee et al., 1996). In practice, the 
dose and frequency of UCCS is assessed by measuring the glucose and metabolite 
profile after a single dose. This allows the development of a tailored diet plan, which 
is updated throughout childhood.

The European Study on GSD I recommended that lactose, fructose, and sucrose 
be restricted because the inability to metabolize these sugars to glucose may worsen 
hyperlactatemia (Rake et al., 2002). However, in individuals with poor appetite, this 
further restricts choice. A modest increase in lactate may also provide an alternative 
fuel source for the brain in the event of sudden hypoglycemia.

These simple nutritional approaches have revolutionized the outcome for GSD 
patients but there are many unsolved issues. Growth of most treated patients has 
improved but the nutritional content of the diet, particularly for adults, is very poor 
(Mundy et al., 2003). Body composition studies report reduced bone mineral density 
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and body protein with substantially increased body fat, particularly centrally (Mundy 
et al., 2008).

Glucose requirements differ between patients and, for any individual, also vary 
depending on activity. Tailored regimens, aided by continuous indwelling glucose 
monitors, are needed. Recently, a physically modified form of waxy maize starch 
has been approved that, in some patients, appears able to either increase the length of 
normoglycemia or reduce the total daily starch dose (Bhattacharya et al., 2007).

Patients with GSD I have hypertriglyceridemia secondary to overproduction of 
malonyl-CoA, which inhibits carnitine palmitoyltransferase I (Figure 12.2). This is 
required for long-chain fats to enter the mitochondrion for beta oxidation. A novel 
approach tested in a few patients has taken advantage of the ability of medium-
chain triglycerides (MCT) to enter the mitochondrion without the carnitine system. 
Further work is needed to validate this approach (Nagasaka et al., 2007).

A subgroup of patients with milder disease found that as the basal metabolic 
rate reduces with age, they no longer require overnight feeding to maintain nor-
moglycemia. However, other metabolites and counterregulatory hormones remain 
abnormal. This may manifest as faltering growth and pubertal delay. Some GSD IX 
adults who ceased treatment in childhood develop marked reduction in bone mineral  
density.

Alcohol is a potent inhibitor of gluconeogenesis and adults are advised to drink 
only very moderately and always combined with food.

GSD patients need an emergency regime to be used during illness, when normal 
diet is not tolerated. This consists of glucose polymer solution given either 2-hourly 
or continuously via a pump. For diarrhea, an oral rehydration salt can be added but 
must not be given alone, as the glucose content is insufficient. Failure to tolerate oral 
fluids requires emergency admission for administration of intravenous dextrose.

Pregnancy in adults with mild disease frequently requires reintroduction of UCCS 
to maintain normoglycemia. Monitoring of glucose profiles particularly in the second 
and third trimesters is recommended. The physical demands of labor combined with 
the usual avoidance of eating necessitate supplementation with intravenous dextrose. 
Pregnancies are not common but with these measures, outcomes appear good.

12.3.3 � Muscle Glycogenoses

Fuel utilization within muscle depends on the duration, type, and intensity of exer-
cise along with intrinsic factors such as conditioning and genetic variation in muscle 
fiber type. Disorders of glycogenolysis are imposed upon this variance. Symptoms 
tend to fall into two types: acute exercise intolerance with cramps and even rhab-
domyolysis, and chronic progressive muscle dysfunction causing weakness.

Dietary therapy focuses on providing alternative fuels to compensate for the 
lack of glucose from glycogenolysis. Although therapies such as BCAAs or creatine 
supplements aimed at improving acute symptoms have appeared effective in a few 
patients, the results in larger studies are conflicting.

It has been postulated in GSD III that as gluconeogenesis from alanine is pos-
sible, then progressive myopathy may be due to degradation of muscle protein to 
supplement liver gluconeogenesis. Some recommend a very high protein diet for 
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these patients (Slonim et al., 1984). However, this diet is difficult and may have no 
more benefit than supplementation with carbohydrate.

12.4 �F atty Acid Oxidation Disorders

Fatty acids contribute significantly to energy requirements of the heart at rest and of 
skeletal muscle during exercise. They supply energy to all tissues during fasting and 
are a source of ketone bodies, which are the only energy forms, other than glucose, 
accessible to the brain.

During exercise or fasting, hormonal signals trigger lipolysis in the adipocyte, 
causing release of free fatty acids from triacylglycerol, which are transported to 
muscle or liver. Most fatty acids are initially long chain, that is, they have 16–18 car-
bons attached to a carboxylic acid group. To enter the mitochondrion, they must be 
first bound by carnitine (Figure 12.3). In the mitochondrion, acetyl-CoA molecules 
are sequentially released in a spiral of four reactions. The enzyme performing each 
step depends on the number of remaining carbon atoms and defects can therefore be 
divided according to whether they affect long-, medium-, or short-chain fatty acid oxi-
dation. With each turn of the spiral, dehydrogenation reactions release electrons to the 
mitochondrial respiratory chain for production of adenosine triphosphate (ATP). The 
acetyl-CoA units either enter the tricarboxylic acid cycle or are converted to ketones.
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FIGURE 12.3  The carnitine long-chain fatty acid shuttle. To enter the mitochondrion, 
LCFAs must first be bound by carnitine. Once within the mitochondrion, the carnitine is 
recycled and acetyl-CoA molecules are sequentially released from the fatty acid, resulting in 
the generation of ATP by the mitochondrial respiratory chain.
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12.4.1 � Medium-Chain Acyl-CoA Dehydrogenase Deficiency

Historically, this condition was often only diagnosed postmortem, after cot death, 
or after presentation with severe hypoketotic, hypoglycemic encephalopathy pre-
cipitated by intercurrent illness, resulting in severe morbidity in survivors. In most 
circumstances, the small baseline requirement for oxidation of medium-chain fats is 
probably covered by overlapping enzyme substrate specificity and, between episodes 
of decompensation, individuals with medium-chain acyl-CoA dehydrogenase defi-
ciency (MCADD) appear well. Newborn screening is now available and has dramati-
cally improved the outcome of this disorder.

12.4.2 �P ractical Applications

Principles of therapy are simple: to avoid increased medium-chain fatty acid oxi-
dation by limiting fasting and providing alternative energy sources during illness. 
Data on the maximum safe fasting period for individuals with MCADD are scanty. 
Guidelines for fasting tolerance have been established by the British Inherited 
Metabolic Disease Group (www.BIMDG.org.uk). These are cautious without being 
overrestrictive of normal life.

Treatment during intercurrent illness is similar to that already described for 
GSDs: 2-hourly provision of glucose polymer solution to meet energy requirements 
and admission for intravenous dextrose if this is not tolerated. The most potent 
precipitant of decompensation was shown in the prospective British Paediatric 
Surveillance Unit study of symptomatically presenting MCADD patients to be diar-
rhea. Therefore, although a regimen with additional salts from oral rehydration solu-
tions is given, patients are recommended to seek additional help early if diarrhea is 
severe.

Theoretically, decompensation could be induced by hepatotoxic acyl-carnitine 
derivatives produced consequent to deficient metabolism of ingested MCT. In prac-
tice, the concentration of MCT in almost all foods is so low as to be inconsequential. 
The only products that must be avoided are MCT-enriched medicinal infant and 
pediatric formulas, and caution is advised in using large quantities of coconut oil.

Adults with MCADD rarely have difficulties unless they drink large quantities of 
alcohol particularly without eating or have fasted for long periods for medical proce-
dures without adequate provision of dextrose.

Plasma carnitine levels in MCADD are frequently below those of the normal 
population, and there are rare reports of muscle carnitine deficiency. Treated patients 
do not appear to have muscle symptoms, and there is little information on exercise 
tolerance. Standard practice in the UK is not to supplement with carnitine, and out-
come appears identical to those countries that do.

12.4.3 �L ong-Chain Fatty Acid Disorders

Long-chain fats must be conjugated with carnitine before they can be transported into 
the mitochondrion (Figure 12.3). Deficiencies of the enzymes constituting the carni-
tine shuttle and the transporter for cellular uptake of carnitine cause problems with 
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long-chain fatty acid metabolism. In addition, there are two defects of the fatty acid 
oxidative spiral: very long chain acyl-CoA dehydrogenase deficiency (VLCADD) 
and trifunctional protein deficiency, one part of which is long-chain 3-hydroxyacyl-
CoA dehydrogenase (LCHAD).

Long-chain fatty acid oxidation disorders (FAODs) share similarities with 
MCADD in that presentation may be precipitated by metabolic stress and is often 
with a severe encephalopathy or sudden infant death. They have a more profound 
effect on muscle and, in particular, cardiac muscle. Long-chain FAODs are one of 
the few treatable causes of severe cardiomyopathy in childhood. Intercurrent infec-
tions are also associated with episodes of muscle breakdown and even rhabdomyoly-
sis. In teenagers and adults, there are often troublesome cramping episodes unrelated 
to fasting or infections. LCHAD is also associated with peripheral neuropathy and 
pigmentary retinopathy (Saudubray et al., 1999).

12.4.4 �P ractical Applications

Carnitine transporter defect can be treated very successfully with supplemental car-
nitine and use of a glucose polymer-based emergency regimen during illness. There 
is no need for dietary restriction.

For other disorders, therapy aims to minimize long-chain fatty acid oxidation. 
This is much more challenging than in MCADD because naturally occurring fats 
have chain lengths within this specificity. As adipose tissue is rich in long-chain fats, 
frequent feeds are required to minimize lipolysis.

In infants, overnight continuous nasogastric feeding is used. In adults and older 
children, multiple doses of UCCS are used. Dosing interval is assessed by profiling 
glucose, free fatty acids, and long-chain acylcarnitines after a UCCS load.

Dietary restriction of fat is severe. There is little experimental information to 
guide exact fat restrictions at differing ages. A recently presented European out-
come census on long-chain disorders suggested that for patients with LCHAD severe 
restriction of fat is necessary throughout life, and even with these measures, prog-
nosis is uncertain. The outcome for VLCADD is much better and relaxation of fat 
restriction may be possible during later life. This disorder shows variability even 
between siblings with asymptomatic elder siblings being discovered in late child-
hood after a severe presentation of a younger sibling.

Patients on severe fat-restricted diets require supplementation with essential fatty 
acids (EFAs) and fat-soluble vitamins. Walnut oil is commonly used in cooking to 
supplement EFA. Severely fat-restricted diets are energy poor, and this can be sup-
plemented with dietary MCT. There may be an additional benefit in that dietary 
MCT is rapidly metabolized to ketone bodies, which may inhibit lipolysis.

The role of carnitine in all long-chain disorders is controversial. Untreated 
patients may be severely carnitine depleted even to the extent of making diagnosis by 
identification of accumulation of long-chain acylcarnitine species in blood difficult. 
There is a concern, however, that carnitine supplementation may generate toxic long-
chain acylcarnitine derivatives, which may be arrhythmogenic (Corr et al., 1989). 
Our practice is to only use carnitine in the initial presentation and then only as a 
small oral dose (50 mg/kg/day).
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A novel additional therapy has recently been proposed. Triheptanoate has been 
reported to have promising effects on cardiomyopathy and rhabdomyolysis in a num-
ber of long-chain FAODs (Roe et al., 2002). It is proposed that, in addition to provid-
ing acetyl-CoA units, as an odd-chain fat it provides propionyl-CoA, which can be 
anaplerotic for the tricarboxylic acid cycle. An increased rate of cataplerosis in long-
chain fat disorders must be proposed for this theory to be plausible. Although this 
approach appears to be highly effective, it has been limited by the extreme difficulty 
in obtaining triheptanoate outside the centers pioneering its use.

For all long-chain FAODs, an emergency regimen, as previously described, for 
illness is required. Patients with long-chain FAODs are susceptible to decompensa-
tion and may require additional treatment with intravenous amino acids and insulin 
therapy if simple use of glucose polymer is insufficient to prevent catabolism.

12.5 �S ummary Points

The liver has important roles to play in intermediary metabolism, and ·	
many inborn errors of metabolism, even though they may not cause hepatic 
pathology per se, can be classified as liver diseases.
The only effective treatment for the most severe forms of these disorders, ·	
where there is essentially no activity of the affected metabolic pathway, is 
liver transplantation.
Where there is significant residual enzyme activity, nutritional management ·	
can be used to control the buildup of toxic metabolites and to replace miss-
ing products of metabolic pathways.
Dietary treatment can be highly successful and, in PKU, has transformed ·	
prognosis, allowing patients to live normal lives.
There is a growing need for physicians and dietitians with expertise in man-·	
aging these complex disorders.
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13.1 � Introduction

The liver plays a central role in the metabolism of carbohydrate, protein, fat, vita-
mins, and minerals. Therefore, the metabolism of these nutritional elements is gradu-
ally disturbed with progressive chronic liver disease, resulting in undernourishment 
and/or malnutrition. Malnutrition is an established complication among patients with 
liver cirrhosis (LC) (Caregaro et al., 1996; Roongpisuthipong et al., 2001; Campillo 
et al., 2003; Riggio et al., 2003; Cabre and Gassull, 2005). It is characterized by 
protein-energy malnutrition (PEM) in LC, which is closely associated with the prog-
nosis of LC, and many factors directly contribute to the pathogenesis of PEM in LC 
(Tajika et al., 2002; Guglielmi et al., 2005; Tsiaousi et al., 2008).

A flowchart to assess the nutritional status in patients with LC is shown in Figure 
13.1. Indeed, statistical and dynamic nutritional assessments are generally recom-
mended to assess the nutritional status of patients with LC (Table 13.1). Dietary 
assessment by a skilled dietitian, body composition analysis [height, body weight, 
body mass index (BMI), and anthropometric parameters], biochemical examina-
tions (red blood cell count, hemoglobin, liver function tests, albumin, rapid turnover 
proteins, cholesterol, cholinesterase, prothrombin time activity, 3-methylhistidine 
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in urine, etc.), immune competence (total lymphocyte count, delayed cutaneous 
hypersensitivity, and reaction against purified protein derivative of tuberculin), and 
energy metabolism assessment [e.g., resting energy expenditure, nonprotein respira-
tory quotient (npRQ), and substrate oxidation rate for glucose, protein, and fat] using 
indirect calorimetry are needed to assess the complete nutritional status of patients 
with LC (Madden and Morgan, 1999; Peng et al., 2007). Although simple and eas-
ily applied methods such as the subjective global assessment and anthropometric 
parameters are recommended in the assessment of nutritional status (Atalay et al., 
2008), an examination of biomarkers is essential for an accurate assessment of nutri-
tional status in patients with LC. However, many biomarkers are synthesized by the 
liver and influenced by factors such as infections, burns, surgery, gastrointestinal 
disorders, chronic renal failure, and inadequate food intake (Johnson, 1999; Gabay 
and Kushner, 1999; Kalender et al., 2002). Care is required to correctly interpret the 
biomarkers when evaluating PEM in LC.

This chapter describes representative biomarkers with which to assess nutritional 
status in patients with LC.

Patients with liver cirrhosis

Evaluation of clinical features and nutritional assessment

• Sign, symptoms, and complications (infection, bleeding, encephalopathy, etc.)
• Severity of liver damage (Child–Pugh classification) 
• Subjective global assessment
• Anthropometric assessment

Biomarkers (blood and urine) Energy metabolism assessment
using indirect calorimetry 

Diagnosis of malnutrition

FIGURE 13.1  Flowchart detailing the process of diagnosing malnutrition in patients with 
LC. SGA and anthropometric parameters should be evaluated to assess the nutritional sta-
tus in addition to the observation of clinical signs, symptoms, and complications in patients 
with LC. Because many biomarkers are synthesized by the liver and influenced by factors 
such as infections, burns, surgery, gastrointestinal disorders, chronic renal failure, and inad-
equate food intake, care is required to correctly interpret the biomarkers when evaluating 
PEM in LC. LC, liver cirrhosis; PEM, protein-energy malnutrition; SGA, subjective global 
assessment.
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13.2 �A lbumin, Rapid Turnover Proteins

Serum albumin is the main secretion protein synthesized by the liver and has mul-
tiple functions such as the maintenance of colloid osmotic pressure, ligand binding 
and transport, and enzymatic and antioxidative activities (Quinlan et al., 2005). The 
synthesis and degradation rate of serum albumin in patients with LC are decreased 
as compared with those in healthy individuals whose liver function is normal. The 
half-life of serum albumin is extended in patients with LC (Moriwaki et al., 2004). 
Albumin synthesis in the liver is influenced by the severity of liver damage, various 
hormones, and nutritional and catabolic status such as that conferred by infections 
and burns (Johnson, 1999; Gabay and Kushner, 1999). However, serum albumin is 
still frequently applied as a biomarker of malnutrition and/or the severity of liver 
damage in patients with LC (Child-Pugh classification) (Pugh et al., 1973). When 
serum albumin is used to assess malnutrition in patients with LC, physicians should 
confirm whether the daily food intake and pathophysiological conditions are prop-
erly and individually estimated.

Serum albumin assumes microheterogeneous, oxidized, and reduced forms 
(Kawakami et al., 2006). Serum total albumin decreases, whereas the ratio of oxi-
dized albumin increases with LC progression (Watanabe et al., 2004). Furthermore, 
a recent study has also shown that the oxidation status of serum albumin changes in 
patients with LC after supplementation with branched-chain amino acids (BCAAs) 

TABLE 13.1
Recommended Nutritional Assessment in Patients with Liver Cirrhosis
1. Static nutritional status

  a. Daily food intake

  b. Body composition analyses 

      Height, body weight, body mass index, anthropometric parameters

  c. Biomarkers�

   �   Red blood cell count, hemoglobin, routine liver function tests, cholesterol, cholinesterase, 
albumin, rapid turnover protein, prothrombin time, etc. (adipocytokines, ghrelin, vitamins, 
minerals, etc.), creatinine height index in urine

  d. Immune competence

   �   Total lymphocyte count, delayed cutaneous hypersensitivity, purified protein derivate of 
tuberculin

2. Dynamic nutritional status

  a. Energy metabolism (indirect calorimetry)

  b. Nitrogen balance

  c. Urinary 3-methylhistidine excretion

  d. Biomarkers

      Plasma free amino acids (Fischer ratio, BTR)

Note:	 List of items in the assessment of nutritional status in patients with liver cirrhosis. Fischer ratio, 
total branched chain amino acids (BCAA)/aromatic amino acids (phenylalanine + tyrosine) molar 
ratio; BTR, BCAA/tyrosine ratio.
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(Fukushima et al., 2007). Oxidative stress is an important factor in the progression of 
chronic liver disease (Moriya et al., 2001). These findings suggest that the oxidative 
state of serum albumin could be important as a novel marker of not only the severity 
of liver damage, but also of malnutrition in patients with LC. However, measure-
ments of the oxidative states of serum albumin are time-consuming and rarely per-
formed in the clinical setting.

Prealbumin (transthyretin), retinol-binding protein, and transferrin are markers 
of short-term nutritional status (Brose, 1990; Calamita et al., 1997; Devakonda et al.,  
2008) that are synthesized by the liver, and their half-lives are much shorter than 
that of albumin (Tables 13.2 and 13.3). These proteins are also influenced by base-
line conditions such as surgery, infection, and anemia (Johnson, 1999; Gabay and 
Kushner, 1999).

Retinol-binding protein 4 (RBP-4) has been recently identified as an adipokine, 
which functions in the pathogenesis of insulin resistance associated with type 2 dia-
betes and obesity (Yang et al., 2005; Graham et al., 2006). Elevated serum RBP-4 
level is an independent predictive marker of early insulin resistance and identifies 
individuals at risk of developing diabetes (Graham et al., 2006). Because hyperinsu-
linemia and glucose intolerance are frequently seen in patients with LC and because 
insulin resistance is an established risk factor for disease progression and survival 
in patients with chronic liver disease, serum RBP-4 might be a useful biomarker of 
malnutrition in patients with LC. Indeed, serum RBP-4 levels are decreased and 
closely correlated with the degree of liver damage according to the Child-Pugh clas-
sification (Yagmur et al., 2007). On the other hand, serum RBP-4 levels are impaired 
because of decreased hepatic production, but they are not associated with insulin 
resistance (Bahr et al., 2008). The features of serum RBP-4 in patients with LC are 

TABLE 13.2
Biomarkers in Assessing the Nutritional State in Patients with Liver Cirrhosis
1. Biomarkers in the blood

      Albumin

      Rapid turnover proteins (prealbumin, retinol-binding protein, transferrin, etc.)

      Fischer ratio (BTR)

      Adipocytokines (leptin, adiponectin, resistin, etc.)

      Ghrelin

      Vitamins (A, D, E, K, thiamine, riboflavin, niacin, B6, B12, C, and folate)

      Minerals (copper, zinc, iron, manganese, selenium, etc.)

   �   Hormones (insulin-like growth factor, insulin-like growth factor–binding protein 3, reverse 
triiodothyronine, etc.)

2. Biomarkers in the urine

      Nitrogen (nitrogen balance)

      Creatinine (creatinine height index)

      3-Methylhistidine

Note:	 Biomarkers used in assessing the nutritional state of patients with liver cirrhosis. BTR, total 
branched chain amino acids/tyrosine ratio.
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TABLE 13.3
Characteristics of Albumin and Rapid Turnover Proteins

Albumin Prealbumin RBP Transferrin

Half-life time   17–21 days   2 days   0.4–0.7 day   7–10 days

MW   67,000   55,000   21,000   76,500

Functions   Maintenance of 
colloid osmotic 
pressure, ligand, and 
transport of 
substances including 
hormones, and 
antioxidant action

  Binding protein of 
thyroxin, vitamin 
A transport

  Vitamin A 
transport

  Carrier protein 
of iron, synthesis 
of hemoglobin

Baseline level   3.5–5.5 g/dL   20–40 mg/dL   2.2–7.4 mg/dL   200–400 mg/dL

Changes in  
serum level

  Increased   Dehydration, 
administration of 
hormones (steroid, 
insulin, thyroxin)

  Chronic renal 
failure, 
hyperthyroidism, 
pregnancy

  Chronic renal 
failure, fatty liver

  Iron deficiency 
anemia, 
pregnancy, sex 
hormone 
administration

  Decreased   Liver injury, 
nephrotic syndrome, 
protein-losing 
gastrointestinal 
diseases, acute 
inflammations, 
infections, burns

  Protein 
malnutrition, liver 
injury, nephritic 
syndrome, 
gastrointestinal 
diseases, acute 
inflammations

  Vitamin A 
deficiency, 
hyperthyroidism, 
liver injury, 
infections, burns

  Protein 
malnutrition, 
liver injury, 
nephrotic 
syndrome, 
inflammations

Note:	 Characteristic features of albumin and rapid turnover proteins. RBP, retinol-binding protein; MW, 
molecular weight.

TABLE 13.4
Summary of Serum RBP-4 in Patients with LC
1. �Serum RBP-4 levels are decreased in patients with LC and directly related with the severity of liver 

damage.

2. Serum RBP-4 levels do not correlate with insulin resistance in patients with LC.

3. Lowest RBP-4 levels are seen in cirrhotic patients with histological progression.

4. Hepatic RBP-4 expression is decreased in cirrhotic liver compared with normal liver.

Note:	 Indications of serum RBP-4 in patients with LC. LC, liver cirrhosis; RBP-4, retinol-binding  
protein 4.
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summarized in Table 13.4. Further studies are required to elucidate how the serum 
RBP-4 contributes to the development of malnutrition in patients with LC.

13.3 � Plasma Free Amino Acids

The profile of plasma free amino acids shows characteristic changes in patients with 
LC (Fischer et al., 1976; Morgan et al., 1978). Levels of BCAAs (valine, leucine, and 
isoleucine) metabolized in the skeletal muscle are decreased, whereas those of aro-
matic amino acids (AAA; phenylalanine and tyrosine) metabolized in the liver are 
increased, resulting in a decreased BCAA/AAA molar ratio (Fischer ratio). These 
alterations are affected by the severity of liver damage and are closely associated 
with the development of hepatic encephalopathy (Fischer et al., 1976; Suzuki et al.,  
2004). However, analyzing amino acid profiles using high-performance liquid chro-
matography is expensive and time-consuming. Therefore, a straightforward and inex-
pensive enzymatic method of determining total BCAA and tyrosine levels in serum 
has been widely applied in Japan to measure the serum BCAA/tyrosine ratio (BTR) 
and to determine the amino acid balance and severity of liver damage (Azuma et 
al., 1989). Serum BTR is positively correlated with the plasma Fischer ratio and the 
serum albumin level in patients with LC (Figure 13.2A and B). A recent report has 
shown that BTR can help to predict a decrease in serum albumin levels associated 
with chronic liver disease (Suzuki et al., 2008). Thus, serum BTR might serve as a 
reliable biomarker of malnutrition in patients with LC.

13.4 �A dipocytokines

Leptin is a peptide hormone that is produced by adipose tissue affecting both food 
intake and energy metabolism via sympathetic nerves originating in the hypothal-
amus, and thus controls the ratio (%) of body fat (Zhang et al., 1994; Weigle et 
al., 1995). Leptin is involved in the pathogenesis of liver fibrosis (Din et al., 2005). 
Serum leptin levels are higher in females than males among patients with LC and 
healthy individuals, and levels positively correlate with BMI, but not with severity 
of liver damage (McCullough et al., 1998; Campillo et al., 2001). Moreover, serum 
leptin levels also correlate with arm muscle circumference (AMC) and triceps skin-
fold thickness (TSF) (Onodera et al., 2001). Because AMC and TSF are commonly 
decreased in LC patients with malnutrition, the serum leptin level might be useful 
in assessing malnutrition in such patients, although the gender difference should be 
considered.

Adiponectin, a peptide hormone produced by adipose tissue, is also an adipo-
cytokine (Schere et al., 1995). Although its physiological role has not been fully 
elucidated, adiponectin critically influences several components of the metabolic 
syndrome such as diabetes mellitus and arteriosclerosis (Kadowaki and Yamauchi, 
2005; Wang and Scherer, 2007). In particular, plasma adiponectin levels are invari-
ably correlated negatively with BMI and body fat mass, fasting glucose and insulin 
levels, degree of insulin resistance, blood pressure, and serum total cholesterol and 
triglyceride levels (Hara et al., 2006). Several reports have described the relationship 
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between plasma adiponectin levels and steatosis in liver diseases including nonalco-
holic steatohepatitis and hepatitis C virus–related chronic hepatitis (Jonsson et al., 
2005; Petit et al., 2005). Tietge et al. (2004) and Sohara et al. (2004) have shown that 
circulating adiponectin levels are significantly increased in LC patients compared 
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FIGURE 13.2  Correlation between levels of serum albumin and plasma amino acids in 
patients with LC. Eighty-five cirrhotic patients with or without hepatocellular carcinoma who 
were admitted at the Iwate Medical University Hospital were investigated. (A) Correlation 
between serum albumin levels and plasma Fischer ratio. (B) Correlation between serum 
albumin levels and serum BTR. Fischer ratio, valine + leucine + isoleucine/phenylalanine + 
tyrosine. BTR, valine + leucine + isoleucine/tyrosine.
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with healthy individuals and that they correlate with the severity of liver damage 
according to the Child-Pugh classification.

Serum adiponectin assumes three forms—low molecular weight, middle molecu-
lar weight, and high molecular weight (HMW)—and the latter is deeply involved 
in the pathogenesis of diabetes mellitus and metabolic syndrome (Kadowaki and 
Yamauchi, 2005; Hara et al., 2006). Figure 13.3 shows the relationship between 
plasma HMW adiponectin levels and malnutrition in LC patients. Plasma HMW adi-
ponectin levels are elevated according to the severity of liver damage. Although the 
clinical significance of the HMW adiponectin remains somewhat obscure, it might 
be a promising biomarker of nutritional status in LC.

Resistin is a recently identified adipocytokine that might function in obesity and 
insulin resistance, although its role in humans is controversial (Bahr et al., 2006). 
However, circulating resistin levels correlate with the severity of liver damage in 
patients with LC (Kakizaki et al., 2008).

13.5 � Ghrelin

Ghrelin was originally discovered as an orexigenic hormone that stimulates growth 
hormone release (Kojima et al., 1999). This hormone is mainly found in the gastric 
wall, and it plays a role in the hypothalamic centers to regulate feeding and caloric 
status (Nakazato et al., 2001). Recent reports have shown that ghrelin controls feeding 
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FIGURE 13.3  Relationship between plasma HMW adiponectin levels and severity of liver 
damage. Forty-seven cirrhotic patients (male 29, female 18) with or without hepatocellu-
lar carcinoma who were admitted at Iwate Medical University Hospital were investigated. 
Etiologies of these patients were HBV (n = 3), HCV (n = 23), HCV + alcohol (n = 11), alcohol 
(n = 3), primary biliary cirrhosis (n = 3), nonalcoholic steatohepatitis (n = 1), and unknown  
(n = 3). The severity of liver damage was classified into grade A, B, or C based on the Child-
Pugh classification. Peripheral plasma samples were collected from all patients after overnight 
fasting and HMW adiponectin levels were measured using enzyme-linked immunosorbent 
assay (ELISA) (Fujirebio Co., Tokyo, Japan). LC, liver cirrhosis; HBV, hepatitis B virus; 
HCV, hepatitis C virus; HMW, high molecular weight.
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behavior and the long-term regulation of body weight in association with leptin in 
the hypothalamic centers (Nakazato et al., 2001; Cummings et al., 2003). Circulating 
plasma ghrelin level has been considered a marker of pathological conditions such as 
obesity, insulin resistance, type 2 diabetes mellitus, hypertension, and Helicobacter 
pylori (HP) infection (Nwokolo et al., 2003; Kalaitzakis et al., 2007). Evaluation of 
plasma ghrelin levels in patients with LC has generated conflicting data (Tacke et al., 
2003; Marchesini et al., 2004). However, we have recently shown that plasma ghrelin 
(desacyl form) levels in patients with LC are not higher than those in healthy controls, 
and that they do not correlate with the severity of liver damage; rather, the ghrelin 
level is closely associated with renal failure and inflammatory status (Takahashi et 
al., 2006). Figures 13.4 and 13.5 (reproduced with permission) show that the plasma 
ghrelin level significantly correlates with anthrometric parameters such as BMI, 
AMC, and TSF, and energy metabolic parameters such as npRQ, substrate oxidation 
rates for glucose (%CHO), and fat (%FAT) in patients with LC. Furthermore, plasma 
ghrelin level is negatively correlated with the level of serum leptin. Infection with 
HP did not influence the plasma ghrelin level in our study. Therefore, fasting plasma 
ghrelin level might be an interesting marker of malnutrition in patients with stable 
LC who do not have severe complications such as renal failure and infection.
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FIGURE 13.4  Relationship between plasma ghrelin levels and energy metabolism deter-
mined using indirect calorimetry. Thirty-four cirrhotic patients (male 20, female 14) with or 
without hepatocellular carcinoma who were admitted at Iwate Medical University Hospital 
were investigated. Etiologies of patients were HBV (n = 1), HCV (n = 18), HCV + alcohol 
(n = 3), alcohol (n = 8), primary biliary cirrhosis (n = 1), and unknown (n = 3). The severity 
of liver damage was classified into grade A, B, or C based on the Child-Pugh classification. 
Peripheral plasma samples were collected from all patients during the morning after over-
night fasting and ghrelin levels were measured using ELISA (Mitsubishi Kagaku Iatoron 
Inc., Tokyo, Japan). Energy metabolism was measured using direct calorimeter (Deltatrac-II 
Metabolic Monitor, Datax Division Inst. Corp., Helsinki, Finland). npRQ, nonprotein respi-
ratory quotients; %CHO, oxidation rate of glucose; %FAT, oxidation rate of fat; LC, liver 
cirrhosis; HBV, hepatitis B virus; HCV, hepatitis C virus. (From Takahashi, T., Kato, A., 
Onodera, K., and Suzuki, K., Hepatol Res, 24, 117–123, 2006. With permission.)
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13.6 �O ther Markers

The nutritional status of patients with chronic liver diseases is often assessed using 
levels of vitamins (fat-soluble; A, D, E, K, and water-soluble; thiamine, riboflavin, 
niacin, B6, B12, C, and folate), minerals (mainly copper, zinc, iron, manganese, 
and selenium), and hormones (insulin-like growth factor 1, insulin-like growth 
factor–binding protein 3, reverse triiodothyronine, etc.) (Assy et al., 1998; Cabre 
and Gassull, 2005; Morgan and Heaton, 2008). However, because these biomarkers 
are also influenced by the severity of liver damage and baseline conditions such as 
food intake, alcohol abuse, cholestasis, and infection, the data must be carefully 
interpreted.

13.7 �S ummary Points

Subjective global assessment and measurement of anthrometric parameters ·	
are essential to accurately evaluate nutritional status in patients with LC.
Malnutrition, in particular PEM type, is closely associated with the prog-·	
nosis of patients with LC.
Biomarkers, such as albumin, rapid turnover protein, amino acids, adi-·	
pocytokines, ghrelin, vitamins, and minerals, are useful in assessing 
malnutrition.
Data of biomarkers must be carefully interpreted, because they are often ·	
influenced by the severity of liver damage and other factors including 
diminished nutrient intake, alcohol, impaired digestion, absorption of nutri-
ents, hypermetabolic, or catabolic state.
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FIGURE 13.5  Relationship between plasma ghrelin levels and anthrometric parameters. 
AMC and TSF were measured using a commercial anthropometer. BMI, body mass index; 
AMC, arm muscle circumference; TSF, triceps skin-fold thickness. (From Takahashi, T., 
Kato, A., Onodera, K., and Suzuki, K., Hepatol Res, 24, 117–123, 2006. With permission.)
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14.1 � Prevalence and Impact of Malnutrition  
in Liver Cirrhosis

Malnutrition with muscle wasting is a common complication in patients with liver 
cirrhosis (Tables 14.1 and 14.2). Reported prevalence from large cross-sectional 
studies ranges from approximately 30% to more than 50%, depending on the criteria 
used for the assessment of malnutrition (Norman et al., 2008a). There is evidence 
that malnutrition already occurs in the early stages of the disease but becomes more 
frequent with the progression of cirrhosis (Peng et al., 2007). Malnutrition in liver 
cirrhosis is mainly characterized by reduced visceral (lower plasma levels of albu-
min) as well as somatic protein deficiency, manifested by, for example, decreased 
muscle and body cell mass (Peng et al., 2007; Pirlich et al., 2000) and accompanied 
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by muscle weakness (Peng et al., 2007) as well as impaired quality of life (Norman 
et al., 2006) (Table 14.3).

Nutritional intake is often reduced (Marchesini et al., 2004; Nielsen et al., 1993) 
and nutritional therapy in hospitals is frequently inadequate (Campillo et al., 2003) 
due to either low awareness or insufficient nutritional knowledge of the staff.

14.2 � Causes of Malnutrition: Reduced Food Intake

Reduced nutritional intake is a well-known phenomenon and is a major contrib-
uting factor in impaired nutritional status in liver cirrhosis. However, the etiology 

TABLE 14.1
Key Features of Malnutrition and High Protein Intake in Liver Disease
1. Malnutrition is common in liver cirrhosis and impairs outcome.

2. �Nutritional intake is frequently inadequate but can be enhanced by individualized nutritional 
counseling and oral supplements.

3. High protein intake is beneficial and recommended.

4. Hepatic encephalopathy is rarely attributable to high protein intake.

5. �Energy and protein (with, e.g., BCAA) supplementation in the late evening reduces fat and protein 
oxidation and thus improves nitrogen retention and protein synthesis.

Note:	 Summary of key features concerning malnutrition and the nutritional therapy with high-protein 
intake and branched-chain amino acids (BCAA).

TABLE 14.2
Potential Causes of Muscle Wasting and Malnutrition in Liver Disease

Causes Consequences

Hypermetabolisma Increased demand

Increased protein requirements

Inflammation

Loss of appetite Decreased intake/altered resorption

Physical inactivity 

Portal hypertension/ascites

Low hepatic glycogen stores Disturbed metabolism/rapid onset of catabolic state

Disturbed GH/IGF axis

Glucose intolerance/insulin resistance

Note:	 Potential and evidenced causes for malnutrition and, in particular, muscle wasting in liver 
disease.

a	 Hypermetabolism is found in up to 34% of cirrhotic patients. The growth hormone (GH) insulin-like 
growth factor (IGF) is disturbed with high GH and low IGF-I, which indicates a state of severe GH 
resistance, which in turn might be a major contributing factor to protein catabolism and thus muscle 
wasting.
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of impaired nutritional intake is still not completely clear. The possible association 
between portal hypertension and disturbed gastric motility and accommodation 
might be one explanation. Studies on gastric relaxation, however, have yielded incon-
sistent results due to different methodologies or patient selection: Izbeki et al. ( 2002) 
found impaired accommodation of proximal stomach in patients with alcoholic liver 
disease and Aprile et al. (2002) demonstrated reduced gastric relaxation in patients 
with portal hypertension, whereas Kalatzaikis et al. (2007b) reported increased 
proximal stomach accommodation but an apparent disturbed relation between gas-
tric accommodation and energy intake in cirrhotic patients. Aqel et al. (2005) inves-
tigated gastric accommodation in cirrhotic patients with ascites and found a reduced 
postprandial gastric volume and accommodation ratio, and also that large-volume 
paracentesis increased both fasting volumes and volumes ingested until maximal 
satiation as well as caloric intake.

Moreover, loss of appetite occurs frequently in patients with liver cirrhosis 
despite high ghrelin concentrations (Marchesini et al., 2004) and has been linked to 
increased brain tryptophan availability (Laviano et al., 1997).

14.3 �R ole of Inflammation

Most cachectic conditions are associated with underlying inflammatory processes, 
which are in part mediated by an increased production of proinflammatory cyto
kines such as interleukins 1 and 6 and tumor necrosis factor α. These cytokines 
are associated with anorexia and depression, and play a role in hypermetabolism, 
protein catabolism, and insulin resistance. However, events that trigger increased 

TABLE 14.3
Association of Malnutrition with Well-Being and Outcome in Liver Disease
Impact on body composition

  Decreased body cell mass

  Decreased muscle mass

  Decreased fat mass

Functionality and well-being

  Lower muscle strength

  Reduced quality of life

  Increased fatigue

Clinical features

  Higher incidence of encephalopathy

  Increased intestinal permeability

  Decreased immune function

Outcome

  Poor outcome after liver transplantation

  Decreased overall survival

Note:	 Malnutrition is associated with impaired well-being and decreased functionality as well as reduced 
outcome in patients with liver disease.



220	 Nutrition, Diet Therapy, and the Liver

production of cytokines in disease-related cachexia remain unclear. In liver cirrho-
sis, disturbed gut integrity allowing passage of bacterial endotoxins into the blood 
has been reported (Pascual et al., 2003). The presence of endotoxins presents a potent 
stimulus for cytokine production by mononuclear cells. The gut might, therefore, 
play a significant role in the pathogenesis of the cachexia syndrome (Norman and 
Pirlich, 2008). It has also been shown that malnourished patients with advanced liver 
cirrhosis, in fact, exhibit increased small intestinal bowel permeability when com-
pared to patients with liver cirrhosis with normal nutritional status (Norman et al., 
2007). Moreover, cytokine receptors have been shown to be higher in patients with 
cachectic liver cirrhosis (Gerstner et al., 2000) and related with the resting energy 
expenditure (REE) corrected for body cell mass.

14.4 � Metabolic Abnormalities Contributing  
to Protein Catabolism

It has been demonstrated that patients with liver cirrhosis experience a catabolic state 
of starvation more rapidly than healthy subjects. Owen et al. (1983) reported that cir-
rhotic patients are comparable to healthy people undergoing a 2- to 3-day period of 
total starvation after just one overnight fast. Zillikens and colleagues (1993) observed 
increased nocturnal protein turnover rates and increased early morning levels of free 
fatty acids, lactate, insulin, glucagons, and growth hormone. Oral glucose adminis-
tration at night improved nitrogen balance with a decrease in protein turnover rate 
and decreased β-hydroxybutyrate, urea, and glucagon levels.

Similarly, Nakaya and colleagues (2002) also demonstrated significantly lower 
respiratory quotient (RQ) after the overnight fast. The reduced quotient of produced 
CO2 and consumed O2 indicates increased protein and fat oxidation. This suggests 
that glycogen storage in liver cirrhosis is insufficient and cannot maintain blood glu-
cose during the fasting period. The decreased nonprotein RQ is particularly harmful 
to patients with liver cirrhosis who are already prone to malnutrition.

Hypermetabolism, which is associated with poorer outcome, is found in about 
15–34% of patients with liver cirrhosis (Muller et al., 1999; Peng et al., 2007). Since 
the REE is highly variable in these patients, it should be measured and not predicted 
(Muller et al., 1999).

Furthermore, the growth hormone/insulin-like growth factor (GH/IGF) axis is 
disturbed with high GH concentration and low IGF-I levels, indicating a state of 
severe GH resistance, which might be a major contributing factor to the protein 
catabolism and thus muscle wasting observed in liver cirrhosis (Plank et al., 2008).

14.4.1 � Glucose Intolerance and Insulin Resistance

Altered glucose metabolism is a common feature of chronic liver disease with 60–80% 
of patients with cirrhosis showing impaired glucose tolerance and 10–35% develop-
ing overt diabetes (Bahr et al., 2008; Muller et al., 1994). In these patients, hyper-
glycemia results mainly from impaired nonoxidative glucose disposal in peripheral  
tissues due to insulin resistance, whereas hepatic glucose output appears to play no 
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role. The current hypothesis on the pathogenesis of insulin resistance in patients 
with cirrhosis is based on persistent hyperinsulinemia observed frequently in these 
patients. Hyperinsulinemia results from both decreased hepatic first pass clear-
ance of insulin due to capillarization of the hepatic sinusoids and extensive collat-
eral blood flow as well as increased pancreatic insulin secretion (Bahr et al., 2008). 
Hyperinsulinemia, in turn, causes peripheral insulin receptor down-regulation or 
dysfunction, which might also contribute to muscle protein catabolism. Interestingly, 
these abnormalities persist even after liver transplantation (Tietge et al., 2004).

14.4.2 �I mpaired Glycogen Stores

Krahenbuhl et al. (2003) demonstrated decreased hepatic glycogen stores per vol-
ume of hepatocytes and per liver mass in both alcoholic and biliary liver cirrhosis. 
They concluded that both the loss of hepatocytes as well as impaired hepatocellular 
glycogen metabolism, such as decreased activity of glucokinase, are responsible for 
the inadequate glycogen stores, which in turn induces energy production from fatty 
acids as well as increased gluconeogenesis from amino acids.

14.4.3 �I ncreased Protein Requirements

Postprandial albumin fractional synthesis rate as well as nonoxidative leucine dis-
posal appears to be reduced in patients with stable liver cirrhosis (Tessari et al., 
2002) as opposed to healthy subjects. Dichi et al. (2001) showed increased protein 
catabolism in fasting patients with advanced liver cirrhosis (Dichi et al., 2001) in 
contrast to patients with Child-Pugh class A cirrhosis (Dichi et al., 1996). When fed a 
high-protein diet, however, patients were able to significantly increase their nitrogen 
retention regardless of severity of disease, indicating enhanced protein requirements 
in liver cirrhosis. Swart et al. (1989a) concluded that 60 g of protein was sufficient to 
achieve a positive nitrogen balance in a small study with patients with liver cirrhosis, 
whereas 40 g was not. Other authors have also found evidence of increased protein 
requirements; Nielsen et al. (1995) reported efficient protein retention with increased 
protein intake that was dependent on energy balance.

A 50-g increase in daily protein intake, moreover, has been shown to increase 
the functional hepatic nitrogen clearance by approximately 40% in patients with 
alcoholic cirrhosis, which was comparable to that in healthy subjects (Hamberg et 
al., 1992).

Moreover, studies on high enteral protein administration have shown improve-
ment of liver function parameters such as prothrombin time and albumin (Cabre 
et al. 1990; Kearns et al., 1992; Norman et al., 2008b) with no signs of hepatic 
encephalopathy.

Summarizing these data, there is strong evidence that a high protein intake might 
prevent and treat protein catabolism in liver cirrhosis. In the light of these findings, 
it is alarming that unnecessary low-protein diets are still regularly being prescribed 
as surveys in Great Britain, South Wales, and Australia by both Soulsby and Morgan 
(1999) and Heyman et al. (2006) show.
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14.5 �E ffects of Regular Diet and 
Nutritional Counseling

It is feasible to improve oral nutritional intake in patients with liver cirrhosis. Bories 
and Campillo (1994) reported increased energy and protein intake in patients with 
alcoholic cirrhosis (n = 30) after 1 month of regular oral diet in a hospital (providing 
40 kcal/kg/day), which paralleled the improvement of liver function parameters such 
as albumin and prothrombin time. Moreover, in a small nonrandomized study, regu-
lar oral diet for 1 month, supervised by a dietitian in a rehabilitative unit, increased 
anthropometric parameters in severely malnourished cirrhotic patients (n = 26) 
(mean Child-Pugh score, 9.1 ± 0.5) (Campillo et al., 1995). In a further study, the 
authors were able to identify refractory ascites and hypometabolism as adverse fac-
tors for the improvement of nutritional status under oral nutritional therapy, whereas 
both nutritional status and liver function simultaneously improved after oral regular 
diet regardless of Child-Pugh class (Campillo et al., 1997).

The effects of 3-month ambulatory oral supplementation (approximately 370 
kcal/day) and repeated nutritional counseling were observed in a small pilot study 
by Cunha et al. (2004) in patients with alcoholic cirrhosis (n = 29). It was shown 
that about two-thirds of patients accepted the nutritional therapy and anthropometric 
parameters, serum proteins as well as the Child-Pugh score, improved during the 
study period.

Manguso et al. (2005) studied the effect of an adequate oral diet (30–40 kcal/
kg body weight; 16% protein) after individualized nutritional counseling in patients 
with hepatitis C virus–related liver cirrhosis (n = 90; Child A or B) in a randomized 
double-period crossover study design with a 3-month period of spontaneous nutri-
tional intake followed by a controlled adequate oral diet or vice versa. They were 
able to report good compliance to the nutritional therapy and improved nutritional 
parameters as well as increased serum albumin in both groups after the periods with 
controlled diet.

These studies demonstrate that individualized dietary counseling is a useful 
means for achieving adequate energy intake and improvement of nutritional status in 
patients with liver cirrhosis in the ambulatory setting.

14.6 � Prevention of Protein Catabolism: 
Late Evening Snacks

To counter the rapid transition to the fasting state, Chang et al. (1997) studied the 
effects of a carbohydrate-rich late evening meal (50 g) on energy metabolism and 
substrate oxidation in a small randomized study in patients with liver cirrhosis. The 
group receiving the late evening snack experienced a significant increase in both RQ 
and carbon dioxide production, indicating shortened overnight fasting with more 
economic fuel utilization.

Swart and colleagues investigated the impact of a late evening meal on the nitro-
gen balance in patients with liver cirrhosis in a randomized crossover study com-
paring three meals a day with four and six meals a day, both including a late meal 
at 11 p.m. (20% of total daily protein and energy intake). The authors reported an 
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improved nitrogen balance in the group receiving meal schedules including the 
late evening snack (Swart et al., 1989b). These results were recently confirmed by 
a 12-month randomized intervention study in 103 patients with liver cirrhosis, who 
received a supplement either at daytime (between 9:00 a.m. and 7:00 p.m.) or at night-
time (between 9:00 p.m. and 7:00 a.m.). Nocturnal supplementation resulted in a 
significant accretion of total body protein, whereas daytime supplementation did not, 
although daily energy and protein intakes did not differ between groups. Quality of 
life also increased earlier in the nighttime group (at 6 vs. 12 months in the daytime 
group) (Plank et al., 2008).

14.7 �L ate Evening Snack with Branched-Chain  
Amino Acids

Nakaya et al. (2002) compared the effects of late evening administration with oral 
glucose, a carbohydrate rich snack, or a mixture enriched with branched-chained 
amino acids (BCAA). Supplementation with carbohydrates and BCAA increased 
RQ and blood glucose to a similar degree, whereas oral administration of glucose 
resulted in a significantly greater rise of blood glucose. This might represent a prob-
lem, since many patients with liver cirrhosis suffer from glucose intolerance (Muller 
et al., 1994). In a recent study, however, simultaneous administration of the glu-
cosidase inhibitor voglibose achieved blood sugar control in patients with impaired 
glucose tolerance (Korenaga et al., 2008).

Furthermore, administration of BCAA provides the possibility of nocturnal pro-
tein synthesis. Yamauchi et al. (2001) studied the effects of a late night snack with 
BCAA on protein metabolism in a randomized study. They demonstrated decreased 
excretion of 3-methylhistidine as well as decreased concentration of serum free fatty 
acid in the group receiving the late evening snack (10:30 p.m.) as compared to the 
group ingesting the BCAA supplement after dinner (7:00 p.m.), indicating improved 
protein metabolism and reduced lipolysis primarily after late night administration of 
BCAA supplements.

Okamoto et al. (2003) also reported reduced fat oxidation with increased RQ 
after a late evening snack containing BCAA. Although blood glucose levels did rise 
after the meal, fasting blood sugar did not change during the 7-day study. The same 
authors also compared the effects of a single late evening snack (10:00 p.m.) with 
BCAA to the provision of two snacks with BCAA (one between 10:00 a.m. and  
3:00 p.m. and one at 10:00 p.m.). They observed comparable increased RQ and 
reduced fat oxidation in both groups as well as a correlation between the nonprotein 
RQ and the creatinine height index (Tsuchiya et al., 2005). Similarly, Fukushima et 
al. (2003) reported that nocturnal supplementation of BCAA improved serum albu-
min in patients over the course of 1 week, whereas the same dose did not alter serum 
albumin when given at daytime. This indicates that BCAA administered at night 
appear to be more beneficial by producing a higher nitrogen balance, presumably due 
to the lower consumption of BCAA for energy generation during the day.

Results from these small studies on short-term provision of late evening snacks 
with BCAA were confirmed in a larger, long-term randomized study in 48 patients 
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with hepatitis C virus–related liver cirrhosis (Nakaya et al., 2007). During the 
3-month period, fuel utilization as well as serum albumin and nitrogen balance 
was significantly improved in the group receiving the late evening snack containing 
BCAA compared to the control group, which received ordinary food as late evening 
snack. Their total energy intake was not different, although the protein intake was 
higher in the intervention patients. Neither diet, however, had a significant effect on 
quality of life.

Taken together, these studies indicate that late night provision of energy and pro-
tein is beneficial for reducing the catabolic state induced by the overnight fast in 
cirrhosis.

14.8 �L ong-Term Effects of Branched-Chain Amino Acids

Beside the above-mentioned findings, BCAA have long been the focus of research 
in liver disease. Patients with cirrhosis exhibit decreased BCAA levels in the plasma 
amino acid analysis, which is partly due to the enhanced BCAA uptake by the 
skeletal muscles for ammonia detoxification and energy generation (Moriwaki et 
al., 2004). However, BCAA appear to be beneficial not only for improving hepatic 
encephalopathy, but have also been demonstrated to improve nutritional parameters, 
event-free survival as well as quality of life of patients with liver cirrhosis in large 
multicenter trials on long-term BCAA supplementation (Marchesini et al., 2003; 
Muto et al., 2005).

14.9 �S afety of High Protein Intake Regarding 
Hepatic Encephalopathy

Historically, nutrient protein was found to be associated with the occurrence of 
hepatic encephalopathy (Schwartz et al., 1954) leading to protein restriction as a 
common dietary practice even in nonencephalopathic subjects. However, current 
knowledge on hepatic encephalopathy enables a more differentiated view: in most 
patients, hepatic encephalopathy is triggered by other factors such as constipation, 
infection, bleeding, exsiccosis, or electrolyte imbalance, whereas high protein intake 
is very rarely a problem in patients with liver cirrhosis (Mas et al., 2006). As men-
tioned above, several tube-feeding studies with high-protein formulas demonstrated 
the safety in regard to the occurrence of hepatic encephalopathy.

Several studies have also compared the effects of equicaloric and equinitrogenous 
high-protein diets from animal versus vegetable origin (Bianchi et al., 1993; Uribe et 
al., 1982) in patients with various degrees of chronic encephalopathy. High-protein 
diets of vegetable origin were not only tolerated but consistently showed improve-
ment of psychometric parameters.

A diet reduced in protein, on the contrary, may even be harmful to patients with 
liver damage due to their catabolic state. Moreover, it has even been suggested that 
malnutrition contributes to the onset of hepatic encephalopathy (Kalaitzakis et al., 
2007a). In fact, a high protein intake is recommended and might actually prevent the 
occurrence of hepatic encephalopathy (Plauth et al., 2006).
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14.10 S ummary Points

Malnutrition is frequent in liver cirrhosis and impairs outcome.·	
Patients with liver cirrhosis need individualized dietary counseling.·	
Nutritional therapy should include modification of the diet in regard to both ·	
a higher protein intake and a higher meal frequency including late evening 
snacks (Table 14.4).
These snacks should be rich in carbohydrates and protein to reduce over-·	
night catabolism.
Furthermore, there is evidence that patients benefit from the long-term ·	
administration of branched-chain amino acids containing supplements.
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Primary liver cancer is the fifth most common malignancy in the world1 and is 
known to result in alterations in host metabolism. These alterations are believed to 
result in malnutrition and cachexia2,3 and to influence morbidity and mortality. The 
multifaceted relationship between general nutrition and liver cancer in particular is 
complex. More is known about the potential role of nutrition in the pathogenesis and 
prevention of liver cancer than nutritional intervention for treatment of liver cancer. 
In this chapter, we delineate the various components of the relationship between 
nutrition and liver cancer with a specific focus on the available knowledge on general 
dietary treatments for patients with liver cancer.
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15.1 �Di et as Risk Factor for Liver Cancer

Chronic infections with hepatitis B virus (HBV) and, to a lesser extent, hepatitis C 
virus (HCV)4 are the major worldwide risk factors for development of hepatocel-
lular carcinoma (HCC), the major type of liver cancer. However, the development of 
cirrhosis from whatever etiology remains a major risk factor for HCC. In fact, the 
risk of HCC in patients with chronic hepatitis C appears to be confined to those who 
have developed concomitant cirrhosis. It follows then that dietary factors resulting 
in the development of cirrhosis portend a substantial risk for development of HCC. 
Worldwide, diet is second only to tobacco as a preventable cause of all cancers and 
it is postulated that dietary factors may contribute to up to 30% of malignancies in 
Western countries.5

Excessive alcohol consumption remains the main diet-related risk factor for liver 
cancer in Western countries via the development of cirrhosis.6 In developing coun-
tries, ingestion of foods contaminated with the mycotoxin aflatoxin7,8 remains an 
important and best-studied risk.

Aflatoxin is a common and unavoidable contaminant of food staples in many 
developing countries. This toxin is produced by fungal action during production, 
harvest, storage, and food processing. The associated increased risk of HCC is 
caused by deletion mutations in the p53 tumor-suppressing gene and by activation 
of dominant oncogenes.9 The risk of cancers due to exposure to the various forms 
of aflatoxin is well established10 and is based on the cumulative lifetime dose. The 
International Cancer Research Institute identifies aflatoxin as a Class 1 carcinogen, 
resulting in the regulation of this toxin to very low concentrations in traded com-
modities (20 ppb in grains and 0.5 ppb in milk in the United States; 4 ppb in foods in 
some European countries11). A strong synergy has been reported between aflatoxin 
and chronic hepatitis B in the development of HCC. In hepatitis B surface antigen–
positive subjects, aflatoxin is about 30 times more potent than in persons without 
the virus,12 and the relative risk of cancer for HBV patients increases from approxi-
mately 5 with only HBV infection to about 60 when HBV infection and aflatoxin 
exposure are combined.13 The magnitude of the impact of this synergy takes on 
epidemic proportions in developing countries in which HBV and HCV affect 8–20% 
of the population.

15.2 �Di et and Prevention of Liver Cancer

An important element in the relationship between diet and liver cancer is prevention. 
In this arena, there has been much interest in inquiry into foods having nonnutri-
tive components that may provide protection against a variety of illnesses, including 
hepatic and gastrointestinal malignancies. Foremost among these agents have been 
antioxidants. Despite a number of preliminary experimental and epidemiological 
studies suggesting a preventive role for antioxidants,14–18 randomized clinical trials 
have failed to confirm the beneficial effects of antioxidants.19–21 Further large, ran-
domized clinical trials are underway.

In a recent Cochrane review22 of all the trials comparing antioxidant supplements 
with placebo or no intervention for the occurrence of gastrointestinal cancers, there 
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was no evidence that the antioxidants studied (b-carotene, vitamin A, vitamin C, 
vitamin E, and selenium) prevent gastrointestinal cancers. Surprisingly, the antioxi-
dants were actually associated with an increase in all-cause mortality.

A number of studies have reported the potential beneficial effects of coffee on 
abnormal liver enzymes, cirrhosis, and possibly HCC. The association between cof-
fee consumption and improved liver function appears more robust than the asso-
ciation with decreased risk of HCC.23 Nevertheless, an inverse association between 
coffee drinking and HCC risk has been suggested in three Japanese prospective 
studies.24–26 Unfortunately, these studies did not control for HBV and HCV infec-
tion. Two recent meta-analyses based on these Japanese cohorts and five case-control 
studies have suggested that increased coffee consumption may reduce the risk of 
HCC.27,28 A recent study29 from Finland supports these findings. The mechanism of 
this beneficial effect is unclear, but one can certainly postulate that decreased rates 
of cirrhosis may result in decreased rates of HCC.

Epidemiological data suggest that for patients at higher risk for liver disease due 
to higher alcohol intake, diabetes, obesity, and elevated iron saturation, regular tea 
intake results in decreased risk of clinically significant chronic liver disease. Tea 
from the extract of the dry leaves of the plant Camellia sinensis is a popular beverage 
that has been shown, through its polyphenolic antioxidant property, to reduce cancer 
risk in a variety of animal tumor bioassay systems.30,31 Despite abundant promising 
data from experimental and animal models of carcinogenesis, epidemiological data 
have been mixed as to the benefits of this extract.

Epidemiological studies suggest an association of high lycopene intake with 
lower risks of several types of malignancy.32,33 In vitro, lycopene has been reported 
to inhibit the invasion of rat hepatoma AH109A cells in a dose-dependent manner up 
to 5 mmol/L.34 Huang et al.35 showed that lycopene inhibits the migration and inva-
sion of human hepatoma SK-Hep-1 cells in vitro and that these effects are associated 
with the up-regulation of nm23-H1.35 Cohort studies have demonstrated decreased 
risk of HCC in individuals with either high serum levels of lycopene or a regular and 
high intake of lycopene or tomatoes.

15.3 �Di et as Therapy for Liver Cancer

Diet as therapy can be separated in two aspects of care: (1) addressing malnutri-
tion and cachexia and (2) using dietary modifications in an attempt to directly treat 
HCC. It is well established that cancer patients suffer from malnutrition, weight loss, 
and severe catabolic state, namely, cachexia. Cachexia is a major contributor to the 
morbidity and mortality of patients with advanced malignancy.36,37 The syndrome 
of cachexia appears to result from a variety of metabolic alteration characterized by 
relative hypermetabolism, an acute-phase protein response, and a failure of anabo-
lism compounded by inadequate food intake.38 The mediators of this process are 
produced by both the tumor and the body in response to the tumor. Potential media-
tors include tumor necrosis factor, interleukin 1, interleukin 6, neuroendocrine hor-
mones, and proteolysis-inducing factor.39

Addressing malnutrition and cachexia is a vital component of caring for patients 
with HCC. All patients with newly diagnosed HCC should undergo primary assessment 
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of nutritional status and energy intake. Initial evaluation should provide data that 
will enable the clinician to stratify the patient’s nutritional risk. The Subjective 
Global Assessment, one of the best-validated scores, assesses the nutritional status 
based on five features of history and three aspects of the physical examination.40,41 
Weight status is still the outcome parameter most relied upon in assessing the nutri-
tional status of patients. Malnutrition is likely when a patient has lost more than 
10% of his/her actual weight over the past 6 months or more than 5% over the past  
3 months or when BMI is lower than 18.5 kg/m2.42,43

Other important nutrition-related aspects that should be investigated early in the 
course are food intake patterns including dietary habits, use of supplements, food 
aversions, identifiable taste changes, actual food intake, pain, or discomfort encoun-
tered while eating as a result of mucositis, dysphagia, or early satiety. It would be 
imperative to address all these nutritional issues early in the course to minimize 
their negative impact on the disease course, quality of life, response to therapy, and 
prognosis.

Therapeutic goals of nutritional support in the individual patient change dur-
ing the course of disease. Whereas at the start of treatment, maintenance of nutri-
tional status and reduction of treatment associated morbidity are the central focus, 
improvement of subjective quality of life and palliative aspects of nutrition become 
more prominent as the disease progresses.

Despite the common usage of dietary supplements by patients during all phases 
of cancer treatment, evidence from human clinical studies that confirm supplement 
safety and benefit is limited. The American Institute for Cancer Research (AICR) 
resource advisory council published recommendations regarding the use of dietary 
supplements for cancer survivors who are under treatment.

15.3.1 � Supplements with Antioxidant Properties

It has been proposed that oxidative stress is involved in the etiology and progression 
of cancers, including liver cancer.44,45 Lipid oxidation products such as alondialde-
hyde may act as tumor promoters and cocarcinogenic agents via their high cytotox-
icity action.45 Several nonenzymatic antioxidants such as a-tocopherol, vitamin C, 
β-carotene, and other carotenoids possess antioxidative properties. However, clini-
cal information about the benefits and risks of antioxidants in HCC is scarce, and 
it remains unclear whether antioxidants truly contribute to enhanced outcomes for 
HCC patients.

Two opposing views exist about the use of antioxidants in cancer therapy. The 
first one proposes a complementary approach in which multiple antioxidant together 
with low-fat, high-fiber diet and lifestyle modifications, including physical exercise, 
may markedly improve the efficacy of standard and experimental cancer therapies.46 
Proponents of supplementation with antioxidants argue that these agents provide a 
safe and effective means of enhancing the response to chemotherapy and improve  
quality of life by reducing or preventing side effects.46–48 The contrarian view 
argues that supplemental antioxidants during chemotherapy may interfere with oxi-
dative breakdown of cellular DNA and cell membranes necessary for the agents 
to work.49,50 A further argument against the use of high-dose antioxidants is that 
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apoptotic breakdown of tumor cells is selectively increased by the presence of reac-
tive oxygen species within the tissue and that this process may be slowed down by 
an antioxidant-replete diet.51

The AICR discourages the use of individual or combined antioxidants in a dosing 
exceeding their Dietary Reference Intake (DRI).

Vitamin E is a lipid-soluble antioxidant, synthesized only by plants and predomi-
nantly found in edible polyunsaturated vegetable oils. It plays a role in preventing 
polyunsaturated fatty acid (PUFA) peroxidation. The recommended daily allowance 
(RDA) for vitamin E is 15 mg/day; the tolerable upper limit (UL) is 1000  IU.52 Vitamin  
E has been touted as important for enhancing antineoplastic activity because of its 
role in preventing the peroxidation of lipids. This property is particularly attractive 
because it maintains the rapid proliferation of malignant cells, which is essential to 
the efficacy of chemotherapy, while preventing damage to normal cells and enhanc-
ing immune function. There is experimental evidence that in cancer cells vitamin E 
has a synergistic effect with chemotherapy and radiation.48 In animal studies, combi-
nations of high doses of vitamin E and chemotherapy have showed mixed results.48 
These findings have not been specific to HCC. However, using transgenic TGFα/c-
myc mouse model of liver cancer, vitamin E was shown to protect liver tissue against 
oxidative stress and suppress tumorigenic potential of c-myc oncogene. Furthermore, 
vitamin E reduced liver dysplasia and increased viability of hepatocytes.53

There have been studies suggesting the beneficial effects of vitamin E at 1000 IU 
given in combination with vitamin C, leading to improvement of fibrosis in patients 
with nonalcoholic steatohepatitis54; however, other studies have failed to corroborate 
these benefits.

In considering the possible use of supplementary vitamin E, it is essential to 
remember that vitamin E may act as a prooxidant in cigarette smokers, particularly 
if they are following a diet with high amounts of (n-6) fatty acids.55

Despite the potential benefits of vitamin E outlined above, AICR has concluded 
that there is no sufficient evidence to warrant its routine use by patients undergo-
ing chemotherapy or radiation therapy. Oversupplementation with vitamin E may be 
harmful and should be avoided.

15.3.1.1 �V itamin C
Vitamin C is a water-soluble nutrient that has antioxidant properties. It is common 
in a variety of fresh fruits and vegetables. The RDA for vitamin C is 90 mg/day for 
men and 75 mg/day for women; the UL is 2000 mg/day.52 Some results show that 
recommendations for vitamin C intake should be several times higher to achieve tis-
sue saturation in normal people.56 Adverse effects of vitamin C (diarrhea, gastroin-
testinal disturbances, abdominal bloating) are rare and are associated with an intake 
of several grams daily.

Despite its wide use by cancer patients, its effect on conventional treatment is 
not known. Limited preclinical data suggest that vitamin C may either stimulate or 
inhibit tumor growth depending on the form, dose, and timing of supplementation, 
cancer site, and type of chemotherapy.

It has been reported that consuming excessive amounts of vitamin C could trans-
form its protective antioxidant agent to a harmful pro-oxidant that may interfere with 
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standard therapies.57 Vitamin C can induce the decomposition of lipid hydroper-
oxides in vitro, which theoretically could give rise to DNA damage in vivo.58 The 
investigators used concentrations of vitamin C comparable with what they thought 
would be found in the human body with an intake of 200 mg/day. Whether these 
same conditions actually prevail in the human body remains uncertain. There is no 
specific study to support or refute the use of vitamin C in HCC.

AICR recommends that cancer patients should follow a reasonable diet sufficient 
in fruits and vegetables that provide vitamin C at least at the RDA level, but that 
they should not take supplemental vitamin C more than the amount obtained in a 
reliable daily vitamin-mineral pill containing vitamin C at the level comparable with 
RDAs.

15.3.1.2 � β-Carotene
β-Carotene is one of about 600 plant compounds classified as carotenoids. β-Carotene 
is the most abundant carotenoid and is found in orange vegetables and fruits and in 
dark green leafy vegetables. It is widely used as a supplement but its only defined 
role in nutrition is as a precursor for vitamin A.

Although β-carotene is an antioxidant, its importance to health in this role is not 
established. No DRI is proposed for β-carotene or other carotenoids,52 but existing 
recommendations59 for increased consumption of carotenoid-containing fruits and 
vegetables are supported.

Since β-carotene supplements have not been shown to confer any benefit for the 
prevention of cancer and may actually cause harm in certain subgroups, β-carotene 
supplements are not routinely advised for cancer patients. AICR recommends not 
taking β-carotene in quantities unattainable from a normal diet and that it is more 
beneficial to eat carotenoid-rich fruits and vegetables.

15.3.1.3 �S elenium
The trace element selenium has an important role in the antioxidant defenses as a 
crucial component of selenoproteins, such as glutathione peroxidase. Phytochemicals 
with antioxidant properties also include some flavonoids, such as quercetin, and 
some polyphenols.

Selenium occurs naturally in cereal products, a wide variety of vegetables, and 
seafood. The richest source of selenium in a supplement is a selenium-enriched 
brewer’s yeast. The RDA for selenium is 55 mg/day, and the UL is 400 mg/day.52

Animal studies have shown that selenium supplementation may enhance the 
effectiveness of various chemotherapeutic agents.48,60 Thus, there is great interest in 
selenium as a preventive agent for cancer at a variety of sites. The suggested mecha-
nism is that selenium (through glutathione peroxidase activity) acts as a scavenger 
for products of oxidation reactions induced by standard therapies. In addition, sele-
nium supplementation may directly cause tumor cell apoptosis.

Based on animal and epidemiological studies suggesting an inverse associa-
tion between selenium level and regional cancer incidence in a province in China, 
a placebo-controlled study was undertaken offering selenium supplementation of 
200 mg daily with an 8-year follow-up looking at incidence of primary liver can-
cer. It showed reduced primary liver cancer incidence (by 35.1%) in selenium- 
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supplemented versus the nonsupplemented population. Upon withdrawal of selenium 
from the treated group, the primary liver cancer incidence rate began to increase. 
However, the inhibitory response to HBV was sustained during the 3-year cessation 
of treatment.61 Similar results were found in another study among chronic carriers of 
hepatitis B and/or C virus, where an inverse association was found between plasma 
selenium levels and HCC, especially among cigarette smokers and among subjects 
with low plasma levels of retinol or various carotenoids.62

In conclusion, there is no convincing evidence that antioxidants in the amounts 
obtained from fruits and vegetables in the diet have any deleterious effects on human 
health.59 However, trials in which selected antioxidants are taken in amounts or com-
binations much higher than those normally found in foods have yielded conflicting 
data regarding cancer risk.63–65 Specifically for HCC, only selenium supplementation 
has shown clear benefit. Cancer patients should try to eat sufficient fruits and veg-
etables daily to provide adequate levels of antioxidants, with the addition of a daily 
multivitamin-multimineral pill. The benefits of eating fruits and vegetables may 
be much greater than the effects of any of the individual antioxidants they contain 
because the various vitamins, minerals, and phytochemicals in these whole foods 
may act synergistically.59,66 AICR and the World Cancer Research Fund advise that 
five or more servings of fruits and vegetables be consumed daily to reduce the risk 
of certain cancers.59 The beneficial effects of fruits and vegetables for both healthy 
people and cancer survivors have sometimes been associated with the presence of 
various antioxidant micronutrients.

15.3.2 �D ietary Supplements without Antioxidant Properties

The role of nonantioxidant supplements is controversial, but these agents, including 
(n-3) fatty acids, and vitamin D are commonly used.

15.3.2.1 � Polyunsaturated Fatty Acids
Two families of PUFAs are essential: (n-6) and (n-3), which are grouped according 
to their chemical structures. Although plants can synthesize both the basic (n-6) 
and (n-3) structures, animals (including humans) cannot and must obtain them from 
dietary sources. Linoleic acid is the parent fatty acid of the (n-6) family and linolenic 
acid is the parent of the (n-3) family. Western diet is rich in (n-6) fatty acids and poor 
in (n-3) fatty acids because of the large amounts of vegetable oils and meats and 
relatively low amounts of fish in the diet. Both (n-6) and (n-3) PUFAs are impor-
tant components of animal and plant cell membranes. a-Linolenic acid comes from 
green leafy vegetables, flaxseed, rapeseed, and walnuts.

According to animal studies, dietary n-3 PUFA can significantly retard the growth 
of tumors, whereas (n-6) fatty acids potentially can increase tumor development.67,68 
Furthermore, the efficacy of cancer chemotherapy drugs such as doxorubicin, epi-
rubicin, CPT-11, 5-fluorouracil, and tamoxifen and of radiation therapy has been 
improved when the diet included omega-3 PUFAs.69

The effect of omega-3 and omega PUFAs on human HCC cells has been 
investigated. The researchers treated HCC with either the omega-3 fatty acids 
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docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) or the omega-6 fatty 
acid arachidonic acid (AA) for 12–48 hours. DHA and EPA treatment resulted in a 
dose-dependent inhibition of cell growth, whereas AA treatment exhibited no signif-
icant effect. According to the investigators, the effect of omega-3 fatty acids on can-
cer cells is likely due to the induction of apoptosis. Indeed, the investigators found 
that DHA treatment induced cleavage of poly (ADP-ribose) polymerase, which is 
involved in repairing DNA damage, mediating apoptosis, and regulating immune 
response. Furthermore, DHA and EPA treatment indirectly decreased the levels of 
another protein known as b-catenin, an overabundance of which has been linked to 
the development of various tumors.70

Despite the promising experimental data, a meta-analysis of more than 38 
prospective high-quality cancer incidence studies found a large heterogeneity in 
reported outcome.71 The authors of the meta-analysis concluded that little evidence 
exists to support the premise that n-3 PUFA intake reduces risk of cancer incidence.71 
Although it is difficult to demonstrate prophylactic effects in large populations, ther-
apeutic effects have been reported by different groups.58,60,72,73

Several studies have documented the effect of dietary n-3 PUFA intake on the 
development of HCC in animal models. For example, Jelinska et al.74 reported 
decreased liver tumor development in rats fed with fish and vegetable oils and treated 
with 7,12-dimethylbenz[a]anthracene, and decreased prostaglandin E2 concentra-
tions in liver tumors and nontumorous liver tissue from these animals. Fish oil or 
corn oil also reduces the development of hepatocarcinoma induced by diethylni
trosamine in rats.75,76 Similarly, administration of fish oil decreased the development 
of azoxymethane (AOM)-induced glutathione S-transferase placental form positive 
hepatocellular foci in male F344 rats.77 Consistent with these observations, adminis-
tration of highly purified EPA, one of the main components of the n-3 PUFA family, 
inhibits the growth of liver preneoplastic lesions.78,79 These findings suggest that, 
in addition to inhibition of COX-2 signaling pathway, dietary intervention with n-3 
fatty acids merit further clinical evaluation for the chemoprevention and treatment 
of HCC.80

AICR and other official organizations recommend that energy from dietary fat 
should be ≤ 30% of the total energy intake. Research indicates that the type of dietary 
fat is also important for normal growth and development and for treatment of cancer 
and other diseases. The ratio of (n-6) to (n-3) PUFA seems to be critical in some 
cases. It is recommended that cancer patients and healthy people should consume 
the recommended adequate intake for PUFAs.81 Thus, consumption of omega-3 FA 
offers a nontoxic means to augment cancer therapy and support chemotherapy.82

15.3.2.2 �V itamin D
For more than a century, vitamin D has been recognized as essential for the normal 
development and mineralization of a healthy skeleton. However, the discovery of the 
vitamin D receptor in tissues that are not involved in calcium and phosphate metabo-
lism has prompted an extensive reevaluation of the physiological and pharmacologi-
cal actions of vitamin D.

Based on observational, case control, and cohort studies, a role of vitamin D in 
cancer prevention was suggested. Putative mechanisms for its protective role against 
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cancer include 1α,25-(OH)2D3 inhibition of a variety of genes responsible for cellular 
proliferation, regulating cellular proliferation and enhancing apoptotic activities,83 
growth arrest at the G1 phase of the cell cycle, tumor cell differentiation, disruption 
of growth factor–mediated cell survival signals, and inhibition of angiogenesis and 
cell adhesion.

One of the drawbacks of 1α,25-(OH)2D3 supplementation use is the effect on 
calcium metabolism, which results in hypercalcemia and hypercalciuria. Newly 
developed vitamin D analogues with lower calcemic activity have been shown to 
retain many therapeutic properties of 1α,25-(OH)2D3. Several analogues are cur-
rently being tested in preclinical and clinical trials for the treatment of various 
types of cancer including phase I and phase II trials of hepatic arterial adminis-
tration of 1α,25-(OH)2D3 and EB1089 daily oral supplement, respectively, for liver 
cancer.84,85

Definitive recommendations for vitamin D3 and its analogues cannot be made  
for cancer patients at this time. Further scientific research is needed to provide a set 
of firm guidelines for use of additional vitamin D supplements by cancer patients 
during treatment.

15.3.2.3 �A ctive Hexose-Correlated Compound
Active hexose-correlated compound (AHCC) is an extract of Basidiomycotina that 
is obtained through the hybridization of several types of mushroom. It was devel-
oped by the Amino Up Chemical Co. Ltd (Sapporo, Japan) in 1989 and labeled as 
“functional” food due to its additive health benefits to the expected nutritional value. 
It has been reported that AHCC enhances the natural killer (NK) cell activity of 
cancer patients and may be considered a potent biologic response modifier in the 
treatment of cancer patients.86 It has been also suggested that NK cell activity may 
be associated with cancer incidence.87 Furthermore, AHCC has been reported to 
reduce the metastasis rate of rat mammary adenocarcinomas,88 to increase detoxifi-
cation enzymes in the liver, and to protect the liver from CCl4-induced liver injury.89 
This prompted a prospective placebo-controlled trial studying the effect of AHCC 
supplementation in patients after liver resection secondary to a liver tumor. AHCC 
supplementation was associated with significantly longer recurrence-free period and 
increased overall survival rate when compared with the control group. It is pre-
mature to make definitive recommendations about AHCC use in HCC, but it is a 
promising agent.90

15.3.2.4 � S-Adenosylmethionine
S-Adenosylmethionine (SAMe), a widely used supplement advocated for its benefi-
cial effects on the liver, joints, and mental health, is being increasingly recognized for 
its role in hepatocyte growth, death, and malignant degeneration. There is increasing 
evidence that many of its actions are independent of its role as a methyl donor. SAMe 
inhibits the growth of both normal and cancerous hepatocytes, through two quite 
different mechanisms. Although SAMe is antiapoptotic in normal hepatocytes, it is 
proapoptotic in cancerous hepatocytes. The specific molecular mechanisms are still 
being elucidated, and there is increasing enthusiasm for the use of this agent in the 
chemoprevention and possibly treatment of HCC.91
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15.3.2.5 � Silybum marianum
Milk thistle (S. marianum [L.] Gaertn., plant family Asteraceae) seed is an herb com-
monly used by Western herbalists and naturopathic physicians in treating liver disor-
ders in adults. The German Commission E currently recommends its use for dyspeptic 
complaints, toxin-induced liver damage, and hepatic cirrhosis and as a supportive 
therapy for chronic inflammatory liver conditions.92 Furthermore, milk thistle has 
been increasingly used in research and clinical practice in adult and pediatric popula-
tions in the oncology setting. That would include detoxification after chemotherapy, 
as a hepatoprotectant during chemotherapy, as an adjunct to cancer treatment, and to 
ameliorate long-term effects of cancer treatment. Researchers are actively investigat-
ing its role as a chemopreventive agent and possible treatment of cancer.

In vitro and animal data suggest that milk thistle may increase the uptake and 
actions of chemotherapeutic agents. Silymarin increased daunomycin accumulation, 
potentiated doxorubicin toxicity, and inhibited efflux of these drugs from cancer 
cells.93 It also potentiated the antitumor action of cisplatin in vivo and in vitro and 
reduced recovery time in mice administered with cisplatin.94

Another potential therapeutic indication of S. marianum has been explored by 
using MK-001, a standardized silymarin extract, in the management of hepatitis C. It 
displayed both prophylactic and therapeutic effects against HCV infection, and when 
combined with interferon a, it inhibited HCV replication more than interferon a alone. 
Commercial preparations of silymarin also displayed antiviral activity, although the 
effects were not as potent as MK-001. Antiviral effects of the extract are attrib-
uted in part to induction of Stat1 phosphorylation, whereas interferon-independent  
mechanisms were suggested when the extract was biochemically fractionated by 
high-performance liquid chromatography.95

These data indicate that silymarin exerts anti-inflammatory and antiviral effects 
and suggest that complementary and alternative medicine-based approaches may 
assist in the management of patients with chronic hepatitis C. Its use in liver cancer 
is still controversial, because several randomized trials have produced inconsistent 
results, most likely due to the unavailability of a standardized product. Moreover, the 
mechanisms of action of this botanical are not well characterized.

In summary, although diet has been implicated as a major risk factor for liver 
cancer, its role in prevention is still unclear. The current clinical evidence, pertain-
ing to the potential benefits and risks associated with the use of dietary supplements 
and vitamins as therapy for liver cancer, remains scarce. Further data are needed to 
ultimately establish clear and comprehensive dietary guidelines.
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16.1 � Introduction

Hepatocellular carcinoma (HCC) is a major health care problem worldwide because 
it is the fifth leading cause of cancer mortality and the third most common cause of 
cancer-related death. HCC has two major clinical characteristics: (1) HCC develops 
from chronic hepatitis or liver cirrhosis at a high constant incidence (about 5–7%) 
per year; (2) even when HCC is initially detected at an early stage and can be treated 
radically, disease recurrence or secondary hepatic cancers develop at a high inci-
dence (10–25%) per year [1,2]. Because of these features, HCC remains one of the 
cancers with the poorest outcomes, despite recent advances in diagnosis and treat-
ment. Epidemiological studies predict that the number of deaths from HCC will 
increase by 2010–2015 [3].

The incidence of cancer developing from the unresected part of the liver after 
surgical treatment of the first cancer is much higher than the incidence of cancer 
developing from liver cirrhosis. Therefore, the unresected liver is the most important 
factor to consider when devising “measures to prevent recurrence of HCC.” The high 
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incidence of HCC onset and recurrence seems to be associated with the fact that the 
buds (clones) of cancer arise in a multicentric manner throughout the entire liver (a 
“field” exposed to stimuli for carcinogenesis). If these clones can be effectively elim-
inated, recurrence of HCC may be suppressed, considerably improving the outcomes 
of patients with HCC. However, it is practically impossible to locate all microscopic 
clones (potentially cancerous cells or precancerous cells possibly present in large 
numbers throughout the liver) macroscopically and visually and to remove them by 
invasive techniques (surgical resection, etc.).

In recent years, the concept of “cancer chemoprevention” has begun to attract 
considerable attention in the research and clinical management of various cancers, 
including HCC. This concept was first proposed by Michael B. Sporn and implies 
the “prevention of progression of precancerous cells into cancer by arresting the 
cells in the precancerous stage or reversing the direction of their progression toward 
cancer into the direction toward normal cells” [4]. Chemoprevention with active 
interventions is expected to be indicated for hepatic cancer in high-risk patients (i.e., 
those with chronic hepatitis, liver cirrhosis, or unresected liver expected to contain 
clones for HCC after treatment of a first cancer). In practice, interferon (IFN) [5,6], 
Sho-saiko-to [7], glycyrrhizin [8], vitamin K [9], and acyclic retinoid [10] have been 
reported to be effective for preventing primary cancer in patients with hepatic cir-
rhosis and recurrent cancer, or the onset of a secondary cancer in patients with a 
complete response to treatment of a first HCC. Advances in prophylactic therapy are 
expected to play an important role in improving the outcomes of HCC and in eventu-
ally eradicating HCC [11]. In this chapter, we review the effects of vitamins A and K 
in the chemoprevention of HCC.

16.2 �Vi tamin A

Vitamin A is essential for growth, retinoic function, and development of blood cells, 
including immune response cells. Loss of vitamin A is known to induce night blind-
ness or corneal dryness. Recently, vitamin A was found to play important roles in 
cell development and maintenance of normal cell function. Clinical studies have 
revealed a relation between vitamin A metabolism and carcinogenesis and provided 
evidence that vitamin A derivatives contribute to the prevention of cancer.

“Retinoid” is a collective term for vitamin A and its derivatives and analogues. In 
the body, retinoid is converted into retinoic acid and binds as a ligand to retinoic acid 
receptor (RAR) and retinoid X receptor (RXR), which comprise the intranuclear 
receptor family. Retinoid bound to these receptors regulates transcription. Three 
subunits (α, β, and γ) are known for each of RAR and RXR. RXR forms a homodi-
mer with RXR or a heterodimer with RAR and binds to retinoid X response element 
and retinoic acid response element, both of which are response regions on DNA. 
Expression of various target genes is regulated in this manner. Typical phenotypes 
regulated by retinoid are tissue morphogenesis, cell differentiation, and apoptosis. 
These functions are closely related to the proliferation and death of cells. Therefore, 
abnormalities in the functions and expression of retinoid, RXR, and RAR can lead 
to a departure from normal cell differentiation, proliferation, and death, that is, to 
the appearance of atypical, malignant, or immortal cells. Retinoid, RXR, and RAR 
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may thus be important targets for the prevention and treatment of various malignant 
tumors [12].

Studies conducted to date have yielded the following findings: (1) Retinoid metab-
olism is abnormal, and retinoid concentrations are markedly lower in HCC cells than 
in normal liver cells [13]. (2) RXR-α, one of the retinoid nuclear receptors, usually 
undergoes phosphorylation by Ras/Erk/MAPK at a particular amino acid residue, 
resulting in loss of its transcription-related function [14]. (3) Phosphorylated RXR-α 
accumulates abnormally in cells without undergoing degradation by the ubiquitin/pro-
teosome system, thus inhibiting the function of normal RXR in a dominant-negative  
manner [15]. Because RXR can form heterodimers not only with RAR, but also  
with thyroid hormone receptor, vitamin D receptor, peroxisome growth factor acti-
vation receptor, and other molecules, and can bind to various response sequences, 
RXR acts as the most important “master regulator” in various nuclear receptor 
families [16]. It is speculated that dysfunction of RXR-α protein due to abnormal 
modification (phosphorylation) and lack of response to retinoid are involved in the 
onset of hepatic cancer. In other words, loss of RXR-mediated control of normal cell 
proliferation or death is apparently an important mechanism leading to the develop-
ment of hepatic cancer. Attempts have thus been made to synthesize new retinoids 
capable of simulating normal signals of retinoid receptors (particularly RXR), with 
the goal of preventing the onset of hepatic cancer. One such compound is acyclic 
retinoid, which lacks a cyclic structure (Figure 16.1). Acyclic retinoid serves as a 
ligand that acts on and binds to RXR and RAR (particularly RXR), similar to other 
retinoic acids [17]. Acyclic retinoid also inhibits Ras activity, thereby suppressing 
RXR-α phosphorylation in HCC cells under the activity of the Ras-Erk system and 
stimulating resumption of RXR function [18]. Moreover, in vivo and in vitro studies 
have shown that acyclic retinoid suppresses activation of the Ras-Erk system medi-
ated by EGFR, a receptor type tyrosine kinase. That is, acyclic retinoid is considered 
to regulate normal proliferation and apoptosis of cells, and suppress the proliferation 
of tumor cells through the following actions: (1) inhibition of RXR phosphorylation 
by acting on receptor type tyrosine kinase and the Ras-Erk system, (2) stimulation 
of resumption of the function of RXR as a nuclear receptor, and (3) by serving as 
a ligand that acts on and binds to RXR, acyclic retinoid stimulates recovery of the 

All-trans-retinol (vitamin A) OH

Open circle
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FIGURE 16.1  Chemical structure of acyclic retinoid.
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dimer-forming capability of RXR and induces the expression of RXR-α target genes 
such as STAT-1 [19] and p21 [20].

16.3 �E fficacy of Acyclic Retinoid in Clinical Studies

As stated above, one feature of hepatic cancer is “multicentric onset,” attributed to the 
presence of independent, multiple clones of HCC throughout the entire liver affected 
by chronic hepatitis or cirrhosis after viral infection; these clones advance within the 
liver. It is practically impossible to remove all these clones surgically. Consequently, 
“clonal deletion with a chemical agent has been proposed, and acyclic retinoid” has 
become a basic concept in prevention of the development and recurrence of hepatic 
cancer. To test this concept, Muto et al. [10] carried out an interventional clinical 
study using acyclic retinoid, with the goal of preventing recurrence of HCC. Patients 
who had undergone radical treatment (surgical resection, etc.) of a first HCC received 
acyclic retinoid for 1 year. These patients had a significantly decreased incidence of 
secondary hepatic cancer and a markedly improved survival rate [10] (Figure 16.2). 
In addition, the study showed that the serum level of AFP-L3 (possibly produced by 
microscopic clones) decreased to the negative range after treatment with acyclic reti
noid, and that treatment with acyclic retinoid suppressed the reappearance of AFP-L3 
in patients in whom AFP-L3 had disappeared. Interestingly, secondary hepatic cancer 
subsequently developed in patients in whom serum AFP-L3 became positive or higher 
[21]. Long-term follow-up showed that the development of hepatic cancer remained 
suppressed for about 4 years after the end of acyclic retinoid treatment [22]. These 
results suggest that once microscopic cancer cell clones (abundantly present across 
the intensely cancer-affected liver) are eradicated by acyclic retinoid, many years 
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are required for the development (or recurrence) of clinically detectable secondary 
hepatic cancer. This notion clinically supports the concept of “clonal deletion.”

16.4 �F uture Strategies for Secondary Chemoprevention  
by Acyclic Retinoid

In addition to acyclic retinoid, IFN [6] and vitamin K [9] have been shown to con-
tribute to prevention of the onset and recurrence of hepatic cancer in liver containing 
abundant HCC clones, that is, liver affected by cirrhosis or the unresected part of the 
liver after surgical treatment of a first HCC. One possibility for the future clinical 
application of these drugs is combined administration, with the hope of “synergisti-
cally” preventing hepatic cancer. In experiments, acyclic retinoid has been demon-
strated to increase the sensitivity of HCC cells to IFN by stimulating the expression 
of IFN receptor (located downstream of RXR-α) and STAT-1 (a molecule involved 
in signal transduction for IFN receptor). Acyclic retinoid combined with IFN thereby 
synergistically induces apoptosis of HCC cells and suppresses tumor cell prolifera-
tion [19]. Treatment with a combination of acyclic retinoid and vitamin K also syn-
ergistically suppresses HCC cell proliferation. Kanamori et al. [23] are currently 
investigating the mechanisms underlying such effects. One comprehensive program 
for preventing hepatic cancer that merits attention is “combined-drug cancer preven-
tion,” which combines acyclic retinoid not only with IFN or vitamin K, but also with 
liver-protective agents (glycyrrhizin, ursodeoxycholic acid, etc.) or other synthetic or 
natural compounds (e.g., Sho-saiko-to). Given possible mechanisms of action, maxi-
mum synergistic benefits are expected when acyclic retinoid is used in combination 
with drugs that target the Ras-Erk system (involved in abnormal modification, i.e., 
phosphorylation, of RXR-α), growth factors and receptors located upstream (recep-
tor type tyrosine kinase), and factors associated with transcription. Further develop-
ment of more effective retinoids that can be used in combination with other classes of 
anticancer drugs, including immunopreventive agents, may lead to better strategies 
for cancer prevention.

16.5 �Vi tamin K

Vitamin K is an essential cofactor for the converting enzyme g-glutamyl-carboxylase, 
which converts glutamate residues into g-carboxy-glutamate. Vitamin K–dependent 
proteins include coagulation factors II (prothrombin), VII, IX, and X, proteins C 
and S, osteocalcin, surfactant-associated proteins, and bone matrix protein. Vitamin 
K plays an important role in hemostasis by activating blood coagulation and anti-
coagulation factors in the liver. Some vitamin K–dependent proteins are present in 
extrahepatic tissues, such as bone and vascular tissue. Matrix Gla protein (MGP) was 
identified in human atherosclerotic plaque, where it may prevent calcium precipita-
tion, as it similarly does in bone. This effect is clearly demonstrated in MGP knock-
out mice, which die of massive aortic and coronary calcification shortly after birth. 
The vitamin K family of molecules comprises the natural forms vitamin K1 (phyl-
loquinone) and vitamin K2 (menaquinones), as well as the synthetic form vitamin K3 
(menadione). These naphthoquinone-containing molecules inhibit tumor cell growth 
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in culture, with vitamin K3 being more potent than either vitamin K1 or K2. Vitamin 
K2 inhibits growth of human cancer cell lines and suppresses induction of differen-
tiation in various human myeloid leukemia cell lines [24,25]. Clinically, myelodys-
plastic syndrome has been successfully treated with vitamin K2 [26]. However, the 
mechanisms of this clinical effect have yet to be fully explored. Recently, vitamin K2 
has attracted attention as a new chemopreventive agent against HCC.

16.6 �R ole of Vitamin K in Cell Growth

A number of findings suggest that vitamin K participates in controlling cell growth. 
Underlying mechanisms may involve redox cycling (as known for vitamin K3), pro-
teins with growth inhibitory properties induced by vitamin K (e.g., prothrombin 
[27]), previously unidentified pathways involving arylation [28], or growth arrest 
genes such as gas 6 [29]. Geranylgeraniol (GGO), a side chain of vitamin K2, strongly 
induces apoptosis of tumor cells, suggesting that GGO might inhibit cell growth [30] 
(Figure 16.3).

Recently, microarray analysis has shown that several genes are induced by 
treatment with vitamin K2 [31]. Protein kinase A (PKA) is a common activator of 
related signaling pathways, identified by microarray analysis. Vitamin K2 is thought 
to activate PKA, which inhibits RhoA activation. Alterations caused by high-dose 
treatment with vitamin K2 result in cell cycle arrest at the G1 and G2/M phases, 
accompanied by inhibition of tumor invasion. The effects of vitamin K2 in doses 
used to treat osteoporosis are poorly understood, especially in the liver. However, the 
results of in vitro studies suggest that vitamin K2 is one of the most promising agents 
for the chemoprevention of HCC.

16.7 � Chemoprevention with Vitamin K2

We previously reported a 2-year study showing that vitamin K2 helps to prevent bone 
loss in women with viral cirrhosis of the liver [32]. Most of the subjects agreed to 
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participate in an extended study designed to clarify the long-term effects of vitamin 
K2 on bone loss associated with cirrhosis. The incidence of HCC was found to dif-
fer between women who received vitamin K2 and those who did not [33]. In detail, 
the subjects of the initial 2-year study were 50 women with viral liver cirrhosis who 
were admitted to our department between 1996 and 1998. If the results of abdomi-
nal dynamic computed tomography and abdominal ultrasonography suggested the 
presence of HCC, abdominal angiography or needle biopsy was performed to con-
firm the diagnosis. Three patients in the treated group and four in the control group 
were confirmed to have HCC, and were subsequently excluded from further study. 
The remaining 43 patients were randomly assigned by means of sealed envelopes to 
receive 45 mg/day of vitamin K2 (Glakay; Eisai Co., Tokyo, Japan) orally (treated 
group) or no vitamin K2 (control group). At the end of the first study (after 2 years 
of treatment), 21 patients in the treated group and 19 in the control group consented 
to participate in a longer trial. In this trial, all but one patient in each group had 
hepatitis C virus (HCV) infection; two other patients had hepatitis B infection. Seven 
patients, four in the control group and three in the treated group, had previously 
received IFN-a for their HCV infections, but HCV was not eradicated. No patient 
was given IFN therapy after study entry. Surveillance for HCC was done according 
to detailed guidelines for the follow-up of patients with liver cirrhosis in Japan [5]. 
Compliance with vitamin K2 in the treated group was good; no patient had adverse 
reactions or dropped out of the study. The two groups were similar with respect 
to age, virus type, platelets, alanine aminotransferase (ALT), a-fetoprotein (AFP), 
and other clinical findings (Table 16.1). After the first study commenced, HCC was 
detected in 2 of the 21 patients given vitamin K2 as compared with 9 of the 19 con-
trols; the cumulative proportion of patients with HCC was smaller in the treated 
group (log-rank test, p = .024; Figure 16.4). On univariate analysis, the risk ratio 
for the development of HCC in the treated group versus the control group was 0.195 

TABLE 16.1
Baseline Characteristics

Treatment (n = 21) Control (n = 19) p Value

Average age (years) 59.8 ± 8.7 61.4 ± 7.1 .54

HBV/HCV 1/20 1/18 .94

Albumin (g/dL) 3.9 ± 0.3 3.9 ± 0.3 .87

Platelets (104/mm3) 14.7 ± 5.4 12.1 ± 5.2 .13

Total bilirubin (mg/dL) 0.8 ± 0.2 0.9 ± 0.4 .47

ALT (IU/mL) 81.7 ± 42.7 70.4 ± 33.4 .36

AFP (ng/mL) 13.4 ± 17.7 13.3 ± 8.7 .99

IFN (+/-) 4/17 3/16 .79

Source:	 Data from Habu, D., Shiomi, S., Tamori, A., et al., JAMA, 292, 358–361, 2004.
Note:	 Mann-Whitney U test for age, serum albumin, platelets, total bilirubin, ALT, and AFP; c2 test for 

HBV/HCV. ALT, alanine aminotransferase; AFP, a-fetoprotein. IFN (+/-), patients who received 
interferon (IFN) before enrollment; +, yes; -, no.
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(0.042–0.913; p = .038). On multivariate analysis with adjustment for age, ALT activ-
ity, serum albumin, total bilirubin, platelet count, AFP, and history of treatment with 
IFN-a, the risk ratio for the development of HCC in patients given vitamin K2 was 
0.126 (0.016–0.992; p = .049) (Table 16.2).

The original goal of our trial was to assess the long-term effects of vitamin K2 on 
bone loss in women with viral liver cirrhosis. Our trial thus had several important 
limitations when the data are used to assess the value of vitamin K2 for the primary 
prevention of HCC in patients with liver cirrhosis. Factors limiting the value of our 
findings included the small study group, the inclusion of women only, and the par-
ticipation of only one center. However, similar to previously reported, randomized 
controlled studies of cirrhosis in which the primary endpoint was the development 
of HCC, patients with evidence of HCC on highly sensitive imaging studies were 
excluded, and the two study groups were similar with respect to risk factors for HCC, 
including age, severity of cirrhosis, history of IFN therapy, and type of hepatitis 
virus infection. Our results indicate that vitamin K2 decreases the risk of HCC to 
about 20% as compared with control, suggesting that vitamin K2 may delay the onset 
of hepatocarcinogenesis.
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Before our study of primary chemoprevention, vitamin K2 had been used to pre-
vent the development of second primary malignancies after curative therapy for 
HCC. Koike et al. [34] showed that treatment with vitamin K2 decreases the risk 
of portal vein invasion by tumor in patients with HCC who have high levels of des-
γ-carboxy prothrombin. Preliminary results of a study being conducted by Mizuta 
et al. [35] suggest that vitamin K2 inhibits the recurrence of HCC, especially in 
patients with HCV. However, these clinical studies of vitamin K2 have focused on 
patients with specific characteristics or risk factors for HCC, including only women 
or patients with high levels of des-γ-carboxy prothrombin. Recent multicenter ran-
domized controlled studies in Japan have suggested that monotherapy with vitamin 
K2 could not prevent the occurrence of HCC (unpublished results).

16.8 � Combination Therapy with Vitamin K  
in Chemoprevention

Previous studies have evaluated the effectiveness of single agents for preventing 
HCC in patients with chronic liver diseases. To our knowledge, studies assessing the 
value of combination therapy for chemoprevention have not been reported. One of 
the reasons for the lack of studies evaluating combined treatment is concern about 
adverse effects associated with different agents. For example, adverse effects of IFN 
therapy include fever, leukopenia, and thrombocytopenia. In contrast, vitamin K2 
has not been associated with serious side effects in patients with osteoporosis. One 
of the effects of vitamin K2 that requires caution is a decrease in serum levels of  
des-γ-carboxy prothrombin, a useful marker of HCC, in patients with or without 

TABLE 16.2
Adjusted Odds Ratios for the Development of HCC

Odds Ratio 95% CI p Value

VK2/Control   0.126 0.016–0.992 .0491

Total bilirubin (mg/dL)
(1.0 +/< 1.0)

  0.294 0.042–2.044 .2161

Albumin (g/dL)
(< 3.5/3.5+)

33.434 2.362–473.352 .0094

Platelets (104/mm3)
(< 100/100+)

  2.235 0.458–10.900 .3200

ALT (IU/mL)
(< 80/80+)

  0.393 0.071–2.164 .2831

AFP (ng/mL)
(20+/< 20)

  1.689 0.306–9.335 .5477

IFN (+/-)   1.260 0.201–7.903 .8053

Source:	 Data from Habu, D., Shiomi, S., Tamori, A., et al., JAMA, 292, 358–361, 2004.
Note:	 Adjusted for age and all other variables in this table. ALT, alanine aminotransferase; AFP, a- 

fetoprotein; IFN (+/-), patients who received interferon (IFN) before enrolment; +, yes; -, no.
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HCC. In patients given vitamin K2, des-γ-carboxy prothrombin would thus be an 
unreliable screening marker for HCC. Moreover, the administration of vitamin K2 to 
patients treated with warfarin is contraindicated.

Yoshiji et al. [36] reported that a combination of vitamin K2 and perindopril, an 
angiotensin-converting enzyme inhibitor (ACE), was more effective for chemopre-
vention than either agent alone in a rat model of diethylnitrosamine-induced hepato-
carcinogenesis. The number and size of enzyme-altered preneoplastic lesions were 
both significantly reduced, and the expression of CD31, a marker of neovasculariza-
tion, was decreased in rats given combination treatment. Their findings suggested 
that a low dose of vitamin K2 (1 µM) inhibits the proliferation of endothelial cells. 
Clinical trials examining whether vitamin K2 plus an ACE inhibitor prevents HCC 
in patients with chronic liver diseases thus appear to be warranted. Vitamin K2 may 
therefore be used concomitantly with other chemopreventive agents, without increas-
ing the risk of adverse reactions. The safety, relatively low cost, and ease of use 
of vitamin K2 have led to good compliance with treatment. These properties make 
vitamin K2 a suitable candidate for clinical trials assessing the value of combination 
treatment for chemoprevention or chemotherapy in patients at risk for, or with a con-
firmed diagnosis of, HCC.

The results of preliminary trials are intriguing and suggest a potential role for 
vitamin K2 in the prevention of primary and second hepatocarcinogenesis in patients 
with hepatic cirrhosis.

16.9 � Conclusion

HCC has a high incidence rate in Asia and Africa, and its incidence has been rising 
sharply over the past decade in Europe and the United States. Eradication of HCC 
is an urgent health issue. As of May 2007, an interventional clinical (phase II/III) 
study of acyclic retinoid is under way in Japan to evaluate whether acyclic retinoid 
suppresses the onset of HCC or its recurrence after radical treatment of a first HCC. 
We hope that the results of this interventional clinical study will provide further 
hope for the prevention of hepatic cancer recurrence. The results of basic and clini-
cal studies conducted to date, designed to test the validity of the concept of “clonal 
deletion,” suggest that acyclic retinoid can serve as an “agent for cancer treatment” 
that can actively eradicate precancerous lesions (clones), rather than simply serving 
as a “cancer preventive drug.” Acyclic retinoid and vitamin K2 are expected to play 
important roles in establishing more widely applicable and effective means of pre-
venting the recurrence of hepatic cancer.
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17.1 � Introduction

It has been reported that more than 170 million people worldwide are infected 
with chronic hepatitis C (CHC) [1], which is the leading cause of cirrhosis and 
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hepatocellular carcinoma (HCC) [2]. Thus, the first goal of treatment for patients with 
CHC is the eradication of the hepatitis C virus (HCV) by interferon (IFN) therapy.

The addition of ribavirin (RBV) to interferon a (IFN-α) leads to marked improve-
ments in the sustained virological response (SVR) rates [3–5]. However, reversible 
hemolytic anemia is one of the main side effects, reinforcing the need for dose reduc-
tion and/or suspension of combination therapy [4–7]. It was reported that half of 
the patients who received combination therapy with IFN-α plus RBV experienced 
a hemoglobin decrease of more than 3 g/dL [8], and dose reduction and treatment 
discontinuation as a result of anemia were 27.6% and 7.3%, respectively [7].

It has been speculated that oxidative stress to red blood cell membranes is related 
to RBV-induced hemolysis [9]. Because vitamins E and C have important roles on 
antioxidant defense systems in the cell membranes [10–13], it is worth investigat-
ing whether these micronutrients can protect against oxidative stress to the red cell 
membrane due to RBV.

17.2 �H CV Infection and Oxidative Stress

The HCV genome comprises genes for 10 viral proteins. The amino-terminal one-
third of the genome encodes four structural proteins (core, E1, E2, and p7), and 
the remainder of the genome encodes six nonstructural proteins (NS2, NS3, NS4A, 
NS4B, NS5A, and NS5B) [14]. It has been reported that some HCV proteins cause 
oxidative stress [15–17]. An HCV core transgenic mouse model revealed that the 
core protein caused oxidative stress by altering the oxidant/antioxidant state in the 
liver without inflammation, which seems to be a result of mitochondrial damage 
[15]. The NS3 protein was reported to induce the production of reactive oxygen spe-
cies (ROS) in human monocytes via the activation of nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase [16]. An experimental study using a cell culture 
system showed that NS5A induced calcium release from the endoplasmic reticulum, 
which led to ROS production in mitochondria [17].

Furthermore, experiments using transgenic mice expressing the HCV polypro-
tein showed that HCV-induced ROS led to hepatic iron accumulation via the down- 
regulation of hepcidin transcription [18]. Since excess divalent iron levels can produce  
highly reactive hydroxyl radicals through the Fenton reaction [19], HCV infection 
is in a vicious circle of oxidative stress. Indeed, it has been clinically reported that 
oxidative stress is a key feature of HCV infection in asymptomatic carriers as well 
as patients with cirrhosis [20,21].

17.3 �Li ver Supportive Therapies Including 
Antioxidants for CHC

The first goal of treating patients with CHC is the eradication of HCV by IFN ther-
apy. However, if this is not possible, the second goal is the normalization of liver 
function tests, which may delay disease progression.

Stronger Neo-Minophagen C (SNMC), which consists of 0.2% glycyrrhizin, 0.1% 
cysteine, and 2.0% glycine in physiological solution, is intravenously administered 
at doses ranging from 40 mL three times a week to 100 mL daily as liver supportive 
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therapy for patients with CHC. Experiments using transgenic mice expressing the 
HCV polyprotein revealed that SNMC could protect hepatocytes against carbon  
tetrachloride–induced oxidative stress and mitochondrial injury by restoring depleted 
cellular glutathione [22]. A randomized, double-blind controlled trial showed that 
SNMC suppressed serum transaminase in patients with CHC [23]. Furthermore, 
it was reported that long-term administration of SNMC for HCV-infected patients 
could attenuate the incidence of HCC [24].

Ursodeoxycholic acid (UDCA), as well as SNMC, was reported to decrease serum 
thioredoxin levels, a marker of oxidative stress, in HCV-infected patients [25]. A large-
scale, multicenter, double-blind trial demonstrated that 600 mg of UDCA daily was 
optimal to decrease serum aminotransferase levels in CHC patients, whereas a daily 
dose of 900 mg decreased serum g-glutamyl transpeptidase levels further [26].

A pilot study showed that long-term iron removal by phlebotomy, to remove oxi-
dative stress, could maintain lower serum aminotransferase levels and suppress the 
progression of liver fibrosis in CHC patients without any major side effects [27].

The effect of the antioxidant vitamins E and C in CHC is controversial. Short-
term administration of vitamin E (745 IU/day for 3 months [28]; 800 IU/day for 3 
months [29]) was reported to improve serum aminotransferase in patients with CHC 
and protect against liver damage caused by oxidative stress. In contrast, a random-
ized, controlled trial among HCV-infected patients showed that supplementation 
with vitamin C (500 mg), vitamin E (945 IU), and selenium (200 μg) daily for 6 
months had no effects on alanine aminotransferase, viral load, or oxidative stress 
[30]. Furthermore, a recent meta-analysis showed that long-term administration of 
high-dose vitamin E (≥ 400 IU/day, 1.4–8.2 years) might increase all-cause mortality  
[31]. Based on the reports mentioned above, the long-term administration of high 
doses of vitamins E and C is not recommended in patients with CHC.

17.4 �RBV  and Oxidative Stress

1-β-d-Ribofuranosyl-1,2,4-triazole-3-carboxamide (RBV) is a water-soluble syn-
thetic guanosine analogue that possesses antiviral activity against several RNA and 
DNA viruses [32]. Although RBV monotherapy cannot eradicate HCV, the addition 
of RBV to IFN-α leads to marked improvements in SVR rates [3–5]. How RBV aug-
ments the response rate to IFN has not been fully elucidated, but some mechanisms 
have been reported [6]. RBV is phosphorylated intracellularly to form monophos-
phate (RMP), diphosphate (RDP), and triphosphate (RTP). The misincorporation 
of RTP by RNA polymerases leads to early chain termination and the inhibition 
of replication. RMP is a competitive inhibitor of inosine monophosphate dehydro-
genase, which leads to depletion of the guanosine triphosphate necessary for viral 
RNA synthesis. Furthermore, RBV has been reported to exhibit its antiviral activity 
by increasing the mutation frequency of HCV and by altering the Th1/Th2 balance, 
favoring a Th1 response.

The major side effect of RBV treatment is reversible hemolytic anemia, although 
the mechanisms of RBV-induced hemolytic anemia have not been clearly demon-
strated. The accumulation of RBV-phosphorylated metabolites in erythrocytes pro-
duces a relative adenosine triphosphate (ATP) deficiency [33]. The lowered ATP level 
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might indirectly cause oxidative damage to red blood cell membranes and induce 
erythrophagocytic removal via the reticuloendothelial system, resulting in hemolytic 
anemia [9].

17.5 � Interactions Between Antioxidant Defense 
Systems in the Biologic Membrane

Vitamin E is a fat-soluble vitamin that is mainly located in the biologic membrane 
and stabilizes the membrane via its antioxidant property [10] (Figure 17.1). It con-
verts peroxyl free radicals of polyunsaturated fatty acid (PUFA-OO•) into hydroper-
oxy PUFA (PUFA-OOH) before PUFA-OO• can establish a chain reaction. Vitamin 
E is more effective than other antioxidants in scavenging radicals in membranes 
and lipoproteins. The vitamin E radical is relatively unreactive and ultimately forms 
nonradical compounds with other antioxidants. In particular, vitamin C reduces the 
vitamin E radical efficiently to regenerate vitamin E and to inhibit oxidation induced 
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FIGURE 17.1  Interaction and synergism between antioxidant defense systems in bio
logic membranes (lipid phase) and in the cytosol (aqueous phase). R•, free radical; PUFA, 
polyunsaturated fatty acid; PUFA-OO•, peroxyl free radical of polyunsaturated fatty acid 
in membrane phospholipid; PUFA-OOH, hydroperoxy polyunsaturated fatty acid in mem-
brane phospholipid; PUFA-OH, hydroxy polyunsaturated fatty acid; vitamin E•, vitamin E 
radical; vitamin C•, vitamin C radical; Se, selenium; GSH, reduced glutathione; GS-SG, oxi-
dized glutathione. (Modified from Bender, D. A., and Mayes, P. A., in Harper’s Illustrated 
Biochemistry, 26th ed., eds. R. K. Murray, D. K. Granner, P. A. Mayes, and V. W. Rodwell,. 
New York: McGraw-Hill, pp. 481–497, 2003.)
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by vitamin E radicals. The resultant monodehydroascorbate free radical is subjected 
to enzymic or nonenzymic reaction to produce ascorbate and dehydroascorbate, nei-
ther of which is a free radical [12,13]. As a result, vitamin C accelerates the anti-
oxidant action of vitamin E [11]. PUFA-OOH in the membrane is released into the 
cytosol by the action of phospholipase A2. In the cytosol, PUFA-OOH and hydro-
gen peroxide (H2O2) generated from superoxide (O2•-) are converted into hydroxy 
PUFA (PUFA-OH), water, and oxygen by catalase or selenium-dependent glutathi-
one peroxidase. Oxidized glutathione returns to the reduced state after reacting with 
NADPH, a process that is catalyzed by glutathione reductase [12,13].

17.6 �A ntioxidants for RBV-Induced Hemolytic Anemia

It was reported that supplementation with vitamin E (800 IU/day) did not dimin-
ish RBV-associated hemolysis [34]. On the other hand, supplementation of vitamins 
E (500 mg/day) and C (750 mg/day) was reported to attenuate the RBV-induced 
decrease of eicosapentaenoic acid in erythrocyte membrane in CHC patients but 
failed to inhibit RBV-induced anemia [35]. Furthermore, one report in an abstract 
form suggested that supplementation with vitamins E (800 IU/day) and C (1000 mg/
day) attenuated the severity of RBV-induced hemolytic anemia [36]. Therefore, we 
thought that enrichment of antioxidants in the red blood cell membrane might pre-
vent RBV-induced hemolytic anemia [37].

17.7 �E ffects of Supplementation with High Doses of 
Vitamins E and C on RBV-Induced Hemolytic Anemia

17.7.1 �P atients

To examine the effect of supplementation with high doses of vitamins E and C on 
RBV-induced hemolytic anemia, 21 consecutive patients with CHC were enrolled in 
the current study (vitamins E/C group).

Twenty-one sex- and age-matched patients who received a standard regimen of 
IFN-α-2b plus RBV combination therapy for CHC were included as a control group. 
No differences were found in the baseline characteristics between the two groups.

17.7.2 �D ose Settings of Vitamins E and C

A review article involving a large number of subjects showed that high oral doses of 
up to 3,200 IU/day led to no consistent adverse effects, but oral intakes of high levels 
of vitamin E could exacerbate the blood coagulation defect of vitamin K deficiency 
caused by malabsorption or anticoagulation therapy [38]. Although there is no clear 
safe standard dose range of vitamin E for chronic hepatitis, vitamin E at 300–1000 
IU/day (3 months–1 year) was reported to be safe for chronic hepatitis [35,36,39,40]. 
Because it is thought that the prevention of RBV-induced hemolytic anemia requires 
a higher dose of vitamin E than in previous reports, we set the dose of vitamin E at 
2,000 mg (2000 IU)/day, considering its efficacy and safety. Vitamin C was set to 
2,000 mg, the upper limit for a standard dose.



264	 Nutrition, Diet Therapy, and the Liver

17.7.3 �T reatment Regimens

Patients in the vitamin E/C group received daily oral doses of vitamin E (Juvela 
N; Eisai Co., Ltd., Tokyo, Japan) at 2,000 mg and vitamin C (Hicee, Takeda 
Pharmaceutical Co., Tokyo, Japan) at 2,000 mg, starting at 4 weeks before the ini-
tiation of antiviral treatment. The patients then started antiviral therapy, namely, 
daily intramuscular administrations of 6 or 10 million units (MU) of IFN-α-2b for 
2 weeks, and then three times a week for 22 weeks, in combination with daily oral 
doses of RBV of 600 or 800 mg depending on body weight (≤ 60 or > 60 kg, respec-
tively). The patients continued to take vitamins E and C at the same doses daily dur-
ing the antiviral combination therapy (Figure 17.2).

Patients in the control group received the above-mentioned antiviral combination 
therapy without supplementation with vitamins E and C.

17.7.4 �T olerability of Treatment

Sixteen (76.2%) patients in the vitamin E/C group and 15 (71.4%) patients in the con-
trol group completed the protocol. The dropout rates in the two groups were not dif-
ferent. Anemia was the most frequent reason for reducing the dose of antiviral drugs 
or dropping out in the control group; no patient in the vitamin E/C group experienced 
dose reduction or dropout owing to anemia.

No patient showed complications with HCC during the treatment period. Patients 
in the vitamin E/C group did not report any adverse events such as gastrointestinal 
symptoms or blood coagulation disorders as a result of vitamins E and C.

We administered vitamins E and C from 4 weeks before IFN plus RBV treatment 
to evaluate their effects on liver function or potential adverse effects. We found that 
there were no effects on liver function or blood cell counts, and there were no adverse 
effects during the period when only vitamins E and C were administered.

IFN-α-2b

Ribavirin 600–800 mg, daily

6–10 MU, three times a week

−4 0 2 24
(weeks)

Vitamin E 2,000 mg, daily

Vitamin C 2,000 mg, daily

6–10 MU, daily

FIGURE 17.2  Treatment schedule in the vitamin E/C group. (From Kawaguchi, Y., Mizuta, 
T., Takahashi, H., et al., Hepatol Res, 37:317–324, 2007. Erratum in Hepatol Res, 38:114, 
2008. With permission.)



Supplementation with High Doses of Vitamins E and C in Chronic Hepatitis C	265

17.7.5 �T ransitions of Data

Transitions between values from the commencement of antiviral therapy and each 
time point were analyzed with regard to serum ALT levels, leukocyte counts, hemo-
globin levels, and platelet counts by analysis of variance with repeated measures 
(Figure 17.3). Monthly monitoring showed that decreases in hemoglobin levels and 
platelet counts were significantly recovered in the vitamin E/C group compared with 
the control group (p = .029 and p = .049, respectively). Unexpectedly, this study 
revealed that vitamins E and C could prevent a decrease in serum platelet counts, but 
the detailed mechanism is unknown. Their actions as antioxidants may be involved 
in this process.

17.8 �E ffects of Supplementation with High Doses of 
Vitamins E and C on the Antiviral Response

Of the nine patients with SVR, 5 (23.8%) were in the vitamin E/C group and 5 (19%) 
were in the control group, using an intention-to-treat analysis. With on-treatment 
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FIGURE 17.3  Time courses of (a) serum ALT levels, (b) leukocyte counts, (c) hemoglo-
bin levels, and (d) platelet counts in the vitamin E/C group (open circles) and the control 
group (closed circles). Δs represent differences between values from commencement of 
antiviral therapy and each time point. ns, not significant. (From Kawaguchi, Y., Mizuta, T., 
Takahashi, H., et al., Hepatol Res 37:317–324, 2007. Erratum in Hepatol Res, 38:114, 2008. 
With permission.)
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analysis, 4 (25%) patients with SVR were in the vitamin E/C group and 3 (20%) were 
in the control group. There were no significant differences between the two groups.

17.9 � Conclusions

In this work, we found that supplementation with high doses of vitamins E and C can 
safely improve RBV-induced hemolytic anemia during IFN-α-2b and RBV therapy 
in CHC, indicating that short-term administration of strong antioxidants might be a 
good option to prevent drug-induced adverse effects.

Combination therapy with pegylated IFN and RBV is currently recommended 
as standard therapy for patients with CHC. In HCV genotype 1 patients, pegylated 
IFN and RBV combination therapy for 48 weeks has achieved SVR rates of 42–52% 
[41,42]. Moreover, several recent studies demonstrated that extending the treatment 
duration from 48 to 72 weeks could improve the SVR rates in HCV genotype 1 
patients, with a slow virologic response defined as HCV-RNA positive at week 12 
but negative at week 24 [43,44]. With the extension of the treatment period, the safety 
and efficacy of long-term supplementation with high doses of vitamins E and C must 
be carefully examined in future studies.

17.10 �S ummary Points

Oxidative stress is a key feature of HCV infection in asymptomatic carriers ·	
as well as cirrhotic patients.
The first goal of treating patients with CHC is the eradication of HCV by ·	
IFN therapy. The second goal is normalization of the liver function tests, 
which may delay disease progression.
Although liver supportive therapies such as SNMC, UDCA, and phlebot-·	
omy for CHC patients are effective through attenuation of oxidative stress, 
the safety and efficacy of high-dose vitamins E and C are controversial.
RBV augments the response rate to IFN but often causes hemolytic anemia as ·	
a side effect. The accumulation of RBV-phosphorylated metabolites in eryth-
rocytes might be induced by the relative depletion of ATP, which causes oxi-
dative damage to red blood cell membranes, resulting in hemolytic anemia.
Vitamin E, a fat-soluble vitamin mainly located in the biologic membrane, ·	
stabilizes the membrane through its antioxidant property. Vitamin C accel-
erates the antioxidant action of vitamin E.
Supplementation with high-dose vitamins E (2000 mg) and C (2000 mg) ·	
can safely improve RBV-induced hemolytic anemia during IFN-α-2b and 
RBV combination therapy for 24 weeks in CHC.
Combination therapy with pegylated IFN and RBV for 48 weeks has been ·	
recommended as a standard therapy in refractory CHC. Recently, extend-
ing the treatment duration to 72 weeks has been reported to improve the 
SVR rates in slow virologic responders.
The safety and efficacy of long-term supplementation with high doses of ·	
vitamins E and C for CHC patients remain to be elucidated.
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18.1 � Introduction

There has been an increasing interest in the role of diet in virus-related liver disease. 
In patients chronically affected by hepatitis B virus (HBV) and hepatitis C virus 
(HCV) infection, some nutritional aspects are considered factors that can increase 
the risk of progression of liver disease, promoting or accelerating the course to the 
end stages. Overweight and obesity seem to influence this clinical course negatively, 
and protein-energy malnutrition, a frequent finding in patients with liver cirrhosis, 
represents a risk factor influencing survival [1]. The correction of these factors has 
practical consequences because it can improve the quality of life of these patients 
and of their families and reduce the social costs of chronic viral liver disease.

The aim of this chapter is to briefly examine the relationships between the nutri-
tional aspects and HBV- and HCV-related diseases. In particular, we will look at  
(1) the influence of nutritional comorbidities on viral liver disease progression,  
(2) the impact of the nutritional status on viral liver disease outcome, and (3) the 
therapeutic role of nutrition on chronic liver disease.
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The key functions of the liver, the features of virus-related liver disease, and  
the basic concepts of protein-energy malnutrition in cirrhosis are summarized in 
Table 18.1.

TABLE 18.1
Key Concepts in Virus-Related Liver Disease
1. � The liver plays a pivotal role in metabolic homeostasis, regulating energy metabolism by taking up 

and processing ingested nutrients. These functions assure a controlled distribution of vital molecules 
to the cells of the entire organism. Moreover, the liver synthesizes enzymes, essential proteins, and 
cofactors necessary for digestion. Finally, the liver detoxifies and eliminates many endogenous and 
exogenous compounds.

2. � There are five major hepatotropic viruses that cause hepatitis. Hepatitis A and E viruses cause acute 
hepatitis only, and their prevalence varies widely from country to country, as well as in different 
areas of the same country. HBV (with or without hepatitis D virus coinfection or superinfection) and 
HCV also cause acute hepatitis, which turns into chronic infections in a high percentage of cases.

3. � Patients with acute viral liver disease do not require specific nutritional management, with the 
exception of acute viral fulminant liver disease in which nutrition assumes a main relevance among 
the resuscitative and conservative procedures that should be undertaken.

4. � Besides viral- and host-related factors, other factors such as alcohol consumption and metabolic and 
environmental factors affect the progression of chronic viral liver disease. Among the metabolic 
factors, NAFLD, diabetes, and obesity may increase the risk of progression of chronic liver disease. 
The spectrum NAFLD—a liver disease that occurs in individuals who are not alcohol abusers—
encompasses simple fatty liver, NASH (fatty liver plus parenchymal inflammation with or without 
accompanying focal necrosis), and varying degrees of fibrosis, including cirrhosis (NAFLD-
associated cirrhosis).

5. � The evolution of chronic liver disease is characterized by the appearance of fibrosis. With its 
progression, groups of hepatocytes become completely surrounded by fibrous substance, so 
developing a new cell organization, the nodule, which replaces the normal lobular structure. The 
final stage of this liver disease is cirrhosis.

6. � HBV and HCV infection may eventually result in liver cirrhosis, with decompensation and 
hepatocellular carcinoma. In chronically affected patients, an antiviral treatment should be 
attempted with the aim of stopping the progression of the disease. Hepatic steatosis appears to be an 
independent predictor of poor response to antiviral therapy in patients with chronic active HCV 
infection. Hence, the correction of hepatic steatosis should be pursued to optimize the effect of 
antiviral therapy.

7. � Protein-energy malnutrition is a frequent finding in HBV/HCV cirrhotic patients, affecting the 
15–20% of compensated and higher percentages of decompensated diseases.

8. � Several extrametabolic factors contribute to the establishment of protein-energy malnutrition during 
cirrhosis: decreased food intake due to anorexia, nausea, impaired taste ability, gastric fullness, and 
dyspepsia. These symptoms are frequently observed when a conspicuous peritoneal fluid is present.

9. � The nutritional status should be assessed in all cirrhotic patients. An appropriate diet, aimed at 
changing the patients’ eating habits and not simply at compensating single deficiencies, can improve 
the indexes of malnutrition and positively influence the clinical outcome of the disease.

Note:	 Key functions of the liver, features of virus-related liver disease, and basic concepts of protein-
energy malnutrition in cirrhosis. HBV, hepatitis B virus; HCV, hepatitis C virus; NAFLD, nonal-
coholic fatty liver disease; NASH, nonalcoholic steatohepatitis.
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Over half a billion people are

HBV infection: 360 million people 25–30% progression of liver disease 

HCV infection: 170 million people

20% self-limiting

10–15% liver cirrhosis

80% chronic hepatitis

infected with HBV and HCV.

FIGURE 18.1  Worldwide distribution of HBV and HCV infection. There are over half a 
billion HBV and HCV carriers in the world, and about 20% of them will die from the chronic 
sequelae of these infections: cirrhosis and primary liver cancer. In particular, according to 
the WHO, approximately 360 million and 170 million individuals worldwide are chronically 
infected with HBV and HCV, respectively. HBV infection is declining because of a wider 
use of prophylactic strategies, including vaccination. On the other hand, HCV infection rate 
remains unchanged. Patients in whom there is a persistence of hepatitis HBsAg in serum 
for more than 6 months are referred to as “chronic HBsAg carriers.” The frequency of pro-
gression from acute to chronic HBV infection is primarily determined by age at the time of 
infection, but other risk factors have been described. Between one-third and one-quarter of 
individuals chronically infected with HBV are expected to develop progressive liver disease. 
HCV infection is self-limiting in only about 20% of individuals, but in the remaining 80%, 
chronic hepatitis develops. Liver cirrhosis occurs in about 10–15% of chronically infected 
patients. Host factors contribute to the disease progression. HBsAg, hepatitis B surface anti-
gen; HBV, hepatitis B virus; HCV, hepatitis C virus; WHO, World Health Organization.
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18.2 �T he Epidemiological Scenario

There are five major hepatotropic viruses that cause hepatitis [2,3]. Hepatitis A and E 
viruses cause acute illness only, and their prevalence varies widely from country to 
country, as well as in different areas of the same country [3,4]. HBV (with or without 
hepatitis D virus coinfection or superinfection) and HCV viruses also cause acute 
hepatitis but may lead to chronic infection [2].

The worldwide distribution of HBV and HCV infection is shown in Figure 18.1. 
Roughly, one-quarter of individuals chronically infected with HBV are expected to 
develop progressive liver disease [5]. The frequency of the progression from acute to 
chronic HBV infection is primarily determined by the patient’s age at infection, but 
other risk factors have been described [6,7]. HCV infection is self-limiting in only 
about 20% of patients, and approximately 80% of infected patients do not clear the 
virus within 6 months, thus developing chronic hepatitis [8]. Liver cirrhosis is the 
endpoint of the 10–15% of patients infected by HCV [8]. HCV and HBV infections 
are the most common disorders leading to liver transplantation and their late-stage 
complications. These infections, in combination with alcohol intake, obesity, diabe-
tes, insulin resistance, and alteration of lipid metabolism, have high prevalence in 
southern Europe, giving us the chance to observe the global impact of these major 
risk factors.

18.3 �N utrition and Acute Viral Liver Disease

Patients with acute viral liver disease do not require specific nutritional manage-
ment. Factors such as anorexia, vomiting, and diarrhea may lead to acute weight loss, 
but malnutrition is unusual. During the acute phase of the infection, patients should 
maintain a high-caloric diet because the body is in a high catabolic state. No data are 
available regarding a possible relation between nutrition and the progression of HCV 
and HBV into chronic stage.

Acute viral fulminant liver disease is an uncommon but potentially lethal illness 
[9]. Nutrition assumes a main relevance among the resuscitative and conservative 
procedures that should be undertaken. There is a surprising lack of consensus about 
the appropriate feeding regimes, and in liver units nutritional support is offered to 
critical cases with a wide variability in terms of method of feeding (parenteral or 
enteral), solution composition, dosage, metabolic monitoring, and insulin usage [10]. 
However, the discussion of these items overwhelms the scopes of this chapter.

18.4 �N utritional Factors Involved in the Progression  
of Chronic Liver Disease

The sequence of chronic hepatitis, cirrhosis, and hepatocellular carcinoma (HCC) has  
been extensively studied. Besides viral- and host-related factors, other factors such as 
alcohol consumption, metabolic, and environmental factors seem related to the pro-
gression of chronic viral liver disease (Figure 18.2). Alcohol consumption appears 
to be one of the most influential factors driving fibrosis progression in patients 
with chronic viral hepatitis, and it is acknowledged that its excessive consumption 
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contributes to the development of progressive liver disease [11,12]. Furthermore, a 
higher risk for HCC has been reported for patients with chronic HBV infection and 
concomitant alcohol intake > 50 g/day [13,14].

Metabolic factors, such as nonalcoholic fatty liver disease (NAFLD), diabe-
tes, and obesity can increase the risk of progression of chronic viral liver disease 
[7,15,16], sometimes synergistically [17]. NAFLD and hepatotropic viruses seem to 
cooperate in modifying the cytokine production pathway, thereby producing a syn-
ergistic effect that results in increased liver damage [18,19] (Figure 18.3). Some stud-
ies reported that advanced NAFLD, responsible for cirrhosis in 5% of cases, is rare 
before the age of 45–50 years [18], indicating that an adequate duration is necessary 
for the progression to the NAFLD-associated cirrhosis. Interestingly, both NAFLD 
and its progressive subtype, nonalcoholic steatohepatitis (NASH), are considered 
hepatic manifestations of the metabolic syndrome [20], since an association between 
insulin resistance and NAFLD has been demonstrated [21].

HCV, and not HBV, has been linked with the derangement of glucose homeo-
stasis and induction of insulin resistance [21–23]. A study demonstrated that HCV-
associated insulin resistance depends on the virus itself, since adipocytokines were 
elevated in the sera of HCV-infected subjects when compared to healthy controls 
matched for age, body mass index, and waist/hip ratio [24]. In contrast, in patients 
with chronic HBV, superimposed NAFLD seems more related to the components 
of the metabolic syndrome (obesity, dyslipidemia, hypertension, and insulin resis-
tance) [25–27], and clinical data do not support a “steatogenic” role for HBV, 
even though the prevalence of steatosis ranges from 20% to 70% in liver biopsies 
[25,26,28].

Hepatic steatosis is a common finding in chronic HCV infection; for patients 
infected with genotype 3, steatosis is directly ascribed to the virus, whereas other 
mechanisms are supposed for genotypes 1 and 4 [29].

There is no conclusive evidence about the causal association between hepatic 
steatosis and fibrosis progression in chronic hepatitis B: two cross-sectional stud-
ies found that hepatic steatosis was not correlated with severity of fibrosis [24,28], 
whereas an Italian longitudinal study reported that steatosis was associated with a 

NAFLD

Diabetes Obesity

Alcohol

Metabolic
syndrome

Metabolic
diseases

Virus
CH CIR HCC

FIGURE 18.2  Factors influencing the progression of chronic viral liver disease. Progression 
of the viral liver disease, from chronic hepatitis to cirrhosis and hepatocellular carcinoma, 
is influenced by several factors. CH, chronic hepatitis; CIR, cirrhosis; HCC, hepatocellular 
carcinoma; NAFLD, nonalcoholic fatty liver disease.
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twofold increased risk of progression to overt cirrhosis [30]. On the other hand, a 
clearer link is recognizable for HCV; several studies are in favor of a contributory 
role of steatosis in the progression of liver fibrosis [31].

Taking these evidences together, in patients with chronic HCV disease, hepatic 
steatosis is a reflection of the viral infection and only in part of the host metabolic pro-
file, whereas in chronic HBV disease, the host metabolic profile seems to prevail.

Finally, besides the observation that alcohol intake may influence the progression 
toward virus-related HCC [13,14], some researchers affirm that diabetes is strictly 
associated with an increased risk for HCC in viral hepatitis patients [32].

Adipose tissue

FA

  FFA liver accumulation

Hepatocyte production of cytokines  

Mechanisms of damage:
- Apoptosis
- Recruitment of inflammatory cells
- Promotion of insulin resistance
- Inhibition of adiponectin
- Increased ROS production

Hepatic lipid accumulation
oxidant stress generation

fibrogenesis 

Increased hepatocyte death

Hepatitis viruses

FIGURE 18.3  Liver damage: possible interaction between NAFLD and virus infection. 
The mechanisms by which fat-derived factors regulate hepatic inflammatory responses have 
been in part elucidated. FA, adiponectin, and TNF-a promote NAFLD by modulating the 
hepatic inflammatory response. Increases in hepatic FFA activate signals that increase hepa-
tocyte production of TNF-a. TNF-a, in turn, inhibits adiponectin. This promotes hepatic 
lipid accumulation and insulin resistance. Efforts to remove these excess lipids increase hepa-
tocyte lipid metabolism, and this process increases the generation of ROS. TNF-a itself also 
increases hepatocyte ROS production. Increased hepatocyte exposure to ROS generates a 
state of oxidant stress. This cytokine-dependent pathway is also triggered by hepatotropic 
viruses. FA, fatty acids; FFA, free fatty acids; NAFLD, nonalcoholic fatty liver disease; TNF, 
tumor necrosis factor; ROS, reactive oxygen species.
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18.5 � Malnutrition in Virus-Related Liver Cirrhosis:  
Magnitude of the Problem

Protein-energy malnutrition is a frequent finding in HBV/HCV cirrhotic patients, 
and it is correlated to the degree of liver disease, reaching 15–20% in compensated 
cirrhosis and higher percentages in decompensated cirrhosis, regardless of the origin 
of the disease [33–35]. Malnutrition is an independent risk factor influencing sur-
vival in patients with this disease and can modify their prognosis [36,37]. Moreover, 
abnormalities in nutritional status are associated with a higher risk of clinical com-
plications and a higher mortality rate, together with complicated transplantation and 
other abdominal surgery outcomes, by increasing perioperative mortality and mor-
bidity [38,39].

The mechanisms of protein-energy malnutrition during cirrhosis involve many 
factors that are summarized in Figure 18.4. Cirrhotic patients frequently experience 
decreased food intake due to anorexia, nausea, a decrease in the ability to taste, gas-
tric fullness, and dyspepsia especially in the presence of conspicuous peritoneal fluid. 
Anorexia, even if more unusual than in alcoholic patients, can play a role, since the 
liver is an organ primarily involved in the metabolic control of eating, because of the 
activation of hepatic metabolic signals to the brain stem [40]. Cirrhosis complications, 
such as ascites and hepatic encephalopathy, make malnutrition worse. In fact, the 
therapy for these complications, such as diuretics, water restriction, or reduced nitro-
gen intake for encephalopathy, could potentially represent another cause of malnutri-
tion. The prescription of a no-added-salt diet may contribute to the anorexia, reducing 
the protein intake and worsening the malnutrition. Moreover, exudative enteropathy 
together with cholestasis may contribute to malabsorption in the course of liver cir-
rhosis. Metabolic abnormalities are also observed in the course of liver disease and 
are represented by an increased energy expenditure during rest, insulin resistance, 
alterations of substrate oxidation (reduced glucose oxidation and increased lipid oxi-
dation), accelerated protein breakdown, and inefficient protein synthesis [41,42].

The degree of the increased rate of metabolic activity in patients with liver cir-
rhosis is directly correlated to the Child score class. Several studies indicate that 
cirrhotic patients belonging to class B or C of Child classification, corresponding to 
those with moderate or severe liver disease, are hypercatabolic, having a deficient 
whole-body protein turnover [43]. Finally, patients with liver cirrhosis often have low 
plasma levels of vitamins and trace minerals [44]. Water- and lipid-soluble vitamin 
deficiency is observed during the course of liver cirrhosis. As regards essential trace 
minerals, zinc and selenium deficiency are also frequently observed.

In patients with chronic liver disease, the assessment of the nutritional status is 
very inaccurate especially in the presence of tissue edema and ascites, and most of 
the traditional biological and clinical parameters, together with morphological tools, 
used to estimate the nutritional state have considerable limitations [45].

The European Society for Clinical Nutrition and Metabolism (ESPEN) recently 
issued specific guidelines for the assessment of malnutrition in liver disease [46]. 
The guidelines recommend the use of simple bedside methods such as the Subjective 
Global Assessment [47] or anthropometry to identify patients at risk for undernutri-
tion. To quantify undernutrition, the phase angle or body cell mass measured by 
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bioelectrical impedance analysis is considered adequate, despite some limitations 
described in patients with ascites [46].

18.6 �T herapeutic Role of Nutrition on Chronic  
Viral Liver Disease

18.6.1 �C hronic Hepatitis

Although a great amount of information concerning the mechanisms of the pro-
gression of chronic viral liver disease has accumulated in the past decade, there is 
still a long way to go in understanding who are the patients at risk for progressive 
disease that have to be treated and how to treat them. Since it is well established that 
the coexistence of viral chronic hepatitis together with metabolic factors (NAFLD, 
diabetes, and obesity) may increase the risk of progression of chronic liver disease, it 
is reasonable to promote strategies limiting their impact in the attempt to prevent or 
to slow down the progression toward more severe stages of the disease. Our opinion 
is that, in the presence of adjunctive damaging factors, it is mandatory to counsel 
lifestyle modification. Furthermore, despite the absence of long-term data concern-
ing a histological improvement in patients treated for NAFLD, we believe that it is 
prudent to advise the chronically infected patients with a coexistent NAFDL about 
the risk of not abandoning a diet favoring the accumulation of lipids in the liver. 
This belief is based on clinical trials showing a significant alanine aminotransferase 
activity reduction in NAFLD patients put on restrictive diet with or without exercise 
[48,49].

Insulin resistance is associated with NASH or NASH-related fibrosis [20]. For this 
reason, treatment strategies are focusing on reversing or improving the insulin resis-
tance. In overweight/obese patients, weight reduction results in the loss of adipose 
tissue with a decreasing of insulin resistance. It is noteworthy that hepatic steatosis, 
mild, moderate, or severe, appears to be an independent predictor of poor response 
to antiviral therapy in patients with chronic active HCV infection [50,51]. Hence, in 
these patients, the correction of hepatic steatosis could be of benefit in obtaining an 
optimal effect of antiviral therapy when it is planned. As regards specific medica-
tions, much evidence suggested that the decreased insulin resistance and reduced 
hyperinsulinemia may facilitate the efficacy of antiviral drugs on HCV replication. 
In Italy, an ongoing study is investigating the efficacy and safety of pegylated inter-
feron and ribavirin plus metformin versus pegylated interferon and ribavirin alone in 
the treatment of naive patients with genotype 1 chronic HCV infection and insulin 
resistance, and data will be available early in 2009. At the moment, the use of insulin 
sensitizers such as metformin and the glitazones should be reserved for patients at 
risk for progression [52]. Of note, metformin seems safer because it is lacking in liver 
toxicity, being excreted unchanged in the urine without any hepatic metabolism [53], 
whereas thiazolidinediones have shown liver toxicity [54].

In conclusion, at present there is no established diet treatment for patients with 
concomitant chronic viral hepatitis and metabolic risk factors. However, prudent 
measures for these patients could be, apart from the generally accepted recommen-
dation of the alcohol abstinence, the prescription of an appropriate equilibrate diet 
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intended to reduce the liver fat accumulation, together with advice for a change in 
lifestyle. Explicitly, nutritional counseling and physical exercise planning should be 
considered crucial therapeutic and preventive measures.

18.6.2 �L iver Cirrhosis

There is no specific consensus that can drive the reader as to when to give nutrition 
support to patients with liver cirrhosis [55]. An interesting meta-analysis showed 
that the rates of complications, infections, and mortality in inpatients with different 
diseases, including liver disease, were significantly reduced when an appropriate 
oral or tube feeding was started [56]. Because patients with cirrhosis are part of the 
malnourished population in hospitals, it may be argued that nutrition support also 
improves the clinical outcomes of these patients. Moreover, nutrition plays a key role 
especially in those patients awaiting liver transplantation [57].

The restriction of dietary protein intake in patients with viral liver cirrhosis 
with or without hepatic encephalopathy became common practice in the 1970s 
and 1980s but was clearly not evidence-based. Conversely, in the past decade, the 
ESPEN guidelines have recommended higher protein intakes. In fact, the primary 
goal in patients with liver cirrhosis is to achieve an energy intake of 35–40 kcal/
kg body weight (BW)/day (147–168 kJ/kg BW/day) and a protein intake of 1.2–1.5 
g/kg BW/day [46]. Unfortunately, until now, these indications are still difficult to 

TABLE 18.2
Characteristics of the Diet Prescribed to Cirrhotic Patients

Components

kcal/kg of desirable body weight/day (kcal) 30–40

kcal of total protein (%) 16

  Vegetable protein (%) 10

  Animal protein (%) 6

kcal of total carbohydrate (%) 55

  Soluble carbohydrate (%) 15

  Complex carbohydrate (%) 40

kcal of total lipid (%) 28–30

Calcium (mg/day)a 500–600

Iron (mg/day) 18

Sodium (mg/day) 1000

Potassium (mg/day) 2000–3000

Phosphorus (mg/day) 1200–1400

Source:	 From Manguso, F., D’Ambra, G., Menchise, A., Sollazzo, R., and D’Agostino, L., Clin Nutr, 24, 
751–759. With permission.

Note:	 Composition of the prescribed diet in patients with liver cirrhosis of viral origin. Data are percent-
ages of total caloric intake (%) except when otherwise indicated.

a	 Oral calcium (500 mg/day) supplement was prescribed to all patients.
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achieve. More recent studies have shown that long-term oral supplementation with 
a branched-chain amino acid (BCAA) mixture is better than ordinary food in a late 
evening snack at improving the serum albumin level and the energy metabolism in 
patients with cirrhosis [58]. A recent Cochrane review on the use of intravenous and 
oral BCAA for hepatic encephalopathy has shown that patients receiving BCAA are 

TABLE 18.3
Example of Diet Recommended for Cirrhotic Patients without Ascites

Breakfast

•  Coffee or barley without sugar
•  Partially skimmed milk (150 g) or light yogurt (125 g)
•  Seven whole wheat crackers (ship’s biscuit)

Snack
•  Unsalted crackers (25 g) or four whole wheat crackers, or fresh fruit (150 g)

Lunch
•  �Pulses (chickpeas, lentils, broad beans, etc.; 100 g) with wholemeal bread (30 g) at least two times a 

week or pasta or rice (50 g) with pulses (60 g) or vegetable soup (200 g) with pulses (40 g) and pasta 
or rice (40 g) or pasta or rice (60 g) with cooked vegetables (250 g) or no more than once a week 
pasta or rice (80 g) with tomato sauce or potatoes (350 g) or potatoes (150 g) with cooked vegetables 
(250 g) or potatoes (200 g) with raw vegetables (150 g)

•  �Meat, whichever type, sliced meat (120 g) or at least two times a week fish (150 g) or no more than 
two times a week 2 eggs or mozzarella cheese (80 g), ricotta (cottage cheese; 150 g), fresh or 
seasoned cheese (45 g)

•  Vegetable salad (100 g) or cooked vegetables (200 g)
•  Wholemeal bread (50 g)
•  Fresh fruit (150 g)

Dinner
•  �Pasta or rice or semolina or “polenta” or maize (60 g) or potato gnocchi (140 g) or potatoes (260 g) 

or pizza with tomatoes (100 g) or wholemeal bread (70 g)
•  Vegetable salad (150 g) or cooked vegetables (250 g)
•  Wholemeal bread (50 g)
•  Fresh fruit (150 g)

For each day: 3 tablespoons of extra virgin olive oil

Daily example
Breakfast: 1 coffee, milk partially skimmed (150 g), 7 whole wheat crackers

Snack: unsalted crackers (25 g)

Lunch: Pasta (50 g) with lentils (60 g), codfish with tomato sauce (150 g), vegetable salad (100 g), 
wholemeal bread (50 g), apple (150 g)

Dinner: wholemeal bread (120 g), boiled courgettes (250 g), pear (150 g)

Condiment: 3 tablespoons of extra virgin olive oil (used for cooking and/or salad dressing)

Note:	 Characteristics of diet proposed for patients with liver cirrhosis without ascites. This diet takes into 
account the dietary habits of our country. The authors are indebted to Giovanna D’Ambra for the 
preparation of the diet.



282	 Nutrition, Diet Therapy, and the Liver

more likely to recover from hepatic encephalopathy than patients treated with other 
regimens but without convincing evidence on survival [59].

Even though a considerable amount of data demonstrated malnutrition and spe-
cific deficiencies in patients with liver cirrhosis, only a few studies investigated nutri-
tional improvement after dietary intervention [1]. In our experience, in patients with 
liver cirrhosis of viral origin, an appropriate diet may improve the nutritional status 
and protein malnutrition [1]. Since we found that, in the majority of patients with 
cirrhosis, malnutrition was associated with the assumption of an inadequate diet, we 
believe that the prescribed diet should be aimed at changing the patients’ eating hab-
its and not simply at compensating single deficiency. This approach is, in our experi-
ence, successful, as indicated by the very good compliance observed among patients 
during the monitored phases of our study [1]. In prescribing the diet, we pay attention 
to the fact that diet has to be varied, well balanced, palatable, and able to assure an 
adequate caloric and protein intake, with prevalence of vegetable proteins. In Tables 
18.2 and 18.3, it is possible to see the characteristics of the diet and a standard daily 
regimen we propose for cirrhotic patients. The diet is supplied on an average 30–40 
kcal/kg of desirable body weight, of which 16% derived from proteins, 28–30% from 
lipids, and 55% carbohydrates (simple carbohydrate, not more than 10%). The diet 
is modified according to the presence of diabetes mellitus. Patients with diabetes 
receive calories spread over six meals. Oral calcium (500 mg/day) is prescribed for 
all patients in order to compensate for its reduced content in the diet.

Our experience emphasizes the importance of evaluating the nutritional status 
in patients with cirrhosis of viral origin because they often present a poor caloric 
and protein intake, demonstrating that a rational and simple nutritional approach 
can improve the indexes of malnutrition, and positively influence the clinical out-
come. Consequently, we are convinced that nutritional care represents a complemen-
tary, but not secondary, therapy that can improve the quality of life of patients with 
chronic viral liver disease.

18.7 �S ummary Points

�•	 Nutritional management of patients with acute viral liver disease does not 
require specific management.
�•	 In acute viral fulminant liver disease, nutrition assumes a main relevance 
among the resuscitative and conservative procedures.
�•	 Alcohol consumption as well as metabolic and environmental factors seems 
related to the progression of chronic viral hepatitis.
�•	 In patients with chronic viral hepatitis, adjunctive factors potentially injur-
ing the liver tissue should be avoided in the attempt to prevent or to slow 
down the progression toward more severe stages of the disease.
�•	 In the presence of adjunctive damaging factors, the initial management of 
viral chronic liver disease must include lifestyle modification.
�•	 Malnutrition is a complication of viral liver cirrhosis with important prog-
nostic implications.
�•	 Nutrition problems are related to the clinical course even in patients with 
cirrhosis with mild disease.
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�•	 Etiology of malnutrition in liver cirrhosis includes poor oral intake, mal-
absorption, increased energy expenditure, and an altered pattern of fuel 
consumption.
�•	 In all cirrhotic patients, the nutritional status should be assessed.
�•	 An appropriate diet can improve the indexes of malnutrition and positively 
influence the clinical outcome of viral cirrhosis.
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19.1 � Introduction

Pediatric liver disease is uncommon. A summary of the most common conditions 
presenting to specialist services in infancy with liver disease severe enough to justify 
nutritional support is shown in Table 19.1. Of these, the most common single condi-
tion causing cholestasis is biliary atresia occurring in 1 in 9,000–16,000 births in 
every population. All cases will require nutritional management and perhaps half 
will require intensive input including nasogastric tube (NGT) feeding. Other hepa-
tological patients requiring nutritional care include those with parenteral nutrition 
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associated cholestasis (PNAC) and metabolic conditions. In total, perhaps 1 infant 
with liver disease requiring intensive feeding could be anticipated for every 5,000–
10,000 births. In the UK, this may represent 50–100 infants per year.

Liver transplantation is a curative option in a significant proportion of infants 
with established liver disease. Outcome of transplantation is related to nutritional 
status; therefore, all patients with cholestatic liver disease approaching liver trans-
plantation will require nutritional supervision and most will require intervention. 
After transplantation, good nutritional recovery is anticipated but with the help of 
medical rehabilitation.

Cholestatic patients are typically jaundiced and may itch as soon as they reach 5 
months if cholestasis is profound. The physical characteristics of severe liver disease, 
including body habitus with thin limbs and a prominent abdomen, will be evident 
in anthropometric measurements. Mid upper-arm circumference tends to become 
depleted earliest in the course of progressive disease, followed by triceps skin-fold 
thickness. Abdominal girth becomes equal to or exceeds thoracic girth measured at 
the nipples. Height growth failure tends to occur last unless severe rickets is pres-
ent. Weight is affected by fluid balance abnormalities and visceromegaly is thus  
an insensitive indicator of nutritional state [2–4]. Clinical nutritional assessment 
includes the above anthropometry with assessment of dietary intake by history.

TABLE 19.1
Causes of Neonatal Cholestatic Liver Disease Encountered in Pediatric 
Hepatological Practice
Cholangiopathies

  Biliary atresia—particularly after failed Kasai portoenterostomy

  Variants of progressive familial intrahepatic cholestasis (bile salt export pump deficiency, PFIC1  
    disease)

  Alagille syndrome

  Neonatal sclerosing cholangitis

  Neonatal Caroli disease

Metabolic conditions
  a-1-Antitrypsin deficiency

  Inborn errors of bile acid synthesis

  Storage disorders, e.g., Niemann-Pick C disease

Causes of inspissated bile syndrome

  Sepsis, especially gram negative and fungal

  Shock—septic shock, asphyxia, and cardiac failure

  Parenteral nutrition

  Prematurity

  Intrauterine growth restriction

Source: 	 Baker A., Stevenson, R., Dhawan, A., Goncalves, I., Socha, P., and Sokal, E., Pediatr Transplant, 
11, 825–834, 2007. With permission.
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Nutritional impairment correlates broadly with liver function tests, suggesting 
that the former might have prognostic value [2]. Children with better nutritional sta-
tus have fewer complications, including infections and rejection, and lower mortality 
at orthotopic liver transplantation (OLT), where a height standard deviation (SD or 
Z) score of less than –1 is associated with increased mortality at OLT [5,6], and those 
with height SD score of < 1.5 have double the hospital stay at transplantation of those 
with > 1.5 SD [7]. Although with the exception of liver transplantation (OLT), no 
treatment has been clearly shown to improve the prognosis of chronic liver disease 
(CLD), complications related to fat-soluble vitamin deficiency can be readily pre-
vented by regular monitoring of plasma levels and diligent enteral, or if necessary, 
parenteral replacement. Nutrition is optimized in the expectation of reducing com-
plications of the disease and improving outcome at OLT. The sense of well-being in 
malnourished children with liver disease, as perceived by the parents, improves with 
intensive enteral feeding, thereby justifying aggressive management [8]. Refractory 
failure to thrive is an important indication for early OLT [9]. Fifty-seven percent of 
a small series of patients who underwent transplantation before they were 3 years 
old had adverse developmental consequences apparently related to their previous 
nutritional impairments [10]. Therefore, nutritional care should also seek to optimize 
long-term neurodevelopmental outcomes.

Regular, planned multidisciplinary clinical nutritional review should be under-
taken with a frequency appropriate to the patient’s clinical course. A multidisci-
plinary nutritional care team consisting of a consultant pediatric gastroenterologist/
nutritionist, a dietitian, a nutritional care nurse, a speech therapist, and, for paren-
teral nutrition (PN), a pharmacist, will assess and plan optimal care. Units managing 
cholestatic liver disease should have a comprehensive nutritional protocol for the 
assessment, management, and follow-up of cholestatic liver disease that can be sub-
jected to audit. That protocol should require that all children with cholestatic liver 
disease have a clinical nutritional review with an intervention and follow-up plan 
including the frequency of review documented in their care records. The nutritional 
care team should liaise with local services to ensure adherence to the patient’s plan 
in primary care.

19.2 � Mechanisms of Growth Impairment

Normal growth is controlled by a complex interaction of nutritional, hormonal, and 
genetic factors. Cholestasis implies severe depletion of intraluminal bile acid con-
centration with secondary fat malabsorption. Although malabsorption of lipid is the 
likely primary nutritional problem, malabsorption associated with portal hyperten-
sion and effects related to metabolic and endocrine consequences of hepatocellu-
lar dysfunction may contribute. Anorexia is attributed to organomegaly or pressure 
effects of ascites, but may be equally due to a congested gastric mucosa or reduced 
gastrointestinal (GI) motility of portal hypertension giving a feeling of satiety, or 
central effects of unidentified toxins. In adults, severity of GI symptoms is associated 
with recent weight loss and impaired health-related quality of life with the severity 
of GI symptoms related to the severity of cirrhosis [11]. When present, severe pruri-
tus may appear to distract the child from eating.
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Increased energy expenditure has been suggested as a cause of failure to thrive 
and is elevated by 40% or more for body weight in malnutrition [12], but is normal 
when expressed in terms independent of body composition including for Alagille 
syndrome [7,13,14]. Children with liver disease do not exhibit the hypometabolism 
of children with starvation from reduced intake alone. Thus, malnourished children 
with liver disease have high energy expenditure for their size, but not for their age 
[15]. Patients with cirrhosis show evidence of catabolism as soon as 8 hours after 
fasting comparable with that seen after 48 hours in normal adults [16].

The interaction of growth hormone (GH) with insulin and the downstream effects 
of insulin-like growth factor 1 (IGF-1) and its binding proteins (IGF-BPs) constitute 
an important mechanism linking nutrition and growth. The liver is the major source 
of plasma IGFs and IGF-BPs in response to circulating GH. Normal IGF-1 and 
IGF-BP responses to exogenous GH are lost with increasing severity of liver disease 
and associated malnutrition. Reduced responses are also seen in portal hyperten-
sion with good liver function. Although Alagille syndrome and progressive famil-
ial intrahepatic cholestasis 1 are associated with short stature after successful liver 
transplantation, nonconstitutional abnormalities correct rapidly after liver transplan-
tation, but are often resistant to hyperalimentation before transplantation [17,18].

19.3 �Lipi ds

Lipids play an important role in nutrition as an energy dense nutrient with low osmo-
larity and as the source of essential constituents of cell membranes: polyunsaturated 
fatty acids (PUFA). Increasing total fat intake may increase the overall quantity of 
fat absorbed and improve growth despite steatorrhea [19]. Medium-chain triglycer-
ides (MCTs) are carried into the portal venous system without need for formation 
of mixed micelles and can be readily used as an energy source [20]. The addition 
of 30–50% of total lipids as MCT can be useful in cases with intraluminal bile salt 
deficiency [21,22] when large proportion of ingested MCTs can be absorbed, thereby 
reducing steatorrhea. The ideal dietary fat content and ratio of MCT to long-chain 
triglycerides (LCT) is unclear. Limited data point to better fat solubilization and 
growth of cholestatic infants fed with 30% or 70% MCT against a 50:50% mix-
ture of MCT/LCT [23]. Caution is required when administering feeds with MCT in 
high proportions. Very high proportion of MCT to total lipid (> 80%) risks essential 
fatty acid deficiency [24,25]. MCT given as a supplement contributes to total energy 
ingested, but nutrient intake is controlled by appetite related to total energy intake, 
so that MCT-rich feeds may not increase intake while risking PUFA deficiency. In 
practice, the major feeds for infants with CLD contain MCT as 50%+ of fat, supple-
mented with essential fatty acids (e.g., Caprilon 75% MCT). Lipid intake and MCT 
ratio should be titrated between best possible weight gain and growth and against 
intolerance of nutrients, particularly, in diarrhea. In older children, MCT oil can be 
added to meals but must be balanced by other fat of high PUFA content. They may 
also make the feeds unpalatable, thereby reducing intake.

In summary, lipid should be used to increase dietary calorie density, and the 
proportion of lipid energy to total dietary energy of at least that for healthy age-
matched children (from 30% to 50%) seems to be reasonable. If the taste of MCT/
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LCT formula (leading to decreased energy intake) is not tolerated by the child, regu-
lar formula is preferable with MCT oil supplementation if necessary. High MCT/
LCT formula should be used in children with significant malnutrition and signs of 
lipid malabsorption, with probable need for nasogastric feeding because of the palat-
ability and volume required.

19.4 � Polyunsaturated Fatty Acids

Long-chain PUFAs (LCPs, i.e., PUFA with carbon chain length > 18) such as arachi-
donic acid (AA) and docosahexaenoic acid (DHA) are important for early human 
growth and particularly in the development of the brain and the retina [26]. Omega 
12-6 and omega 12-3 PUFAs are also precursors of eicosanoids with important 
biological roles such as mediators of immune and vascular functions and platelet 
aggregation, making PUFA deficiency a concern in CLD, especially from the ω-6 
series [27–30]. Several factors contributing to PUFA and LCP deficiency include low 
PUFA intake (from dietary constituents and anorexia), malabsorption, and disturbed 
hepatic metabolism of PUFA to long-chain derivatives. Extra PUFA intake should 
be given (e.g., soybean or rapeseed oil) in higher proportion than normal, exceeding 
10% of total energy [30], but even this may not be sufficient to correct LCP status 
[24]. LCP supplementation can be given in dietary products such as egg yolk (rich in 
AA) or fish oil (rich in DHA). Infants may be given conventional LCP-supplemented 
formulas available for healthy term and preterm infants [29]. Increased lipid peroxi-
dation due to low vitamin E levels in cholestasis can also impair fatty acid status, 
but there is no direct relationship between PUFA and lipid peroxides [26,27]. Early 
dietary intervention seems to be important as the LCP status is not normalized up to 
a year after OLT [30]. Requirements for ideal intake remain unknown. It is reason-
able in clinical practice to use PUFA-rich vegetable oils and/or egg yolk as dietary 
supplements to increase energy density and PUFA intake. In infants with cholestasis 
who receive regular infant formulas and do not require MCT-enriched feeds, LCP-
supplemented infant formulas may be used.

19.5 �E nergy/Carbohydrates

Carbohydrate (CHO) is the major source of dietary energy, contributing about two-
thirds of the nonprotein energy. CHO can be used in feeds in three forms: monomer, 
short-chain polymer, or starch. Glucose is generally preferred in all three forms to 
avoid intolerance of galactose or other sugars. Short-chain polymers effect a compro-
mise between osmotic load with diarrhea potentially seen in high monomer content 
feeds and malabsorbed starch reaching the colon and being fermented with bloating 
and diarrhea.

Side effects and complications of feeding with CHO, principally bloating and 
diarrhea, derive from its osmotic content. It is often difficult to attribute side effects 
to any specific element of the feed. Despite insulin resistance, hyperglycemia is 
uncommon except in patients who already have endocrine pancreatic insufficiency 
such as those with cystic fibrosis. Forms of CHO do not have the aversive flavors 
found in some protein and lipid preparations.
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Given the calorimetric findings described above, in assessing energy require-
ments to prescribe a feed, assume it to be either normal for weight for age if there is 
evidence of an early growth pattern to establish the child’s ideal growth before fail-
ing to thrive, or estimate it to be up to 150% for actual weight guided by the severity 
of failure to thrive.

19.6 � Protein

Children with advanced CLD require protein intake of about 2–3 g/kg/day as suf-
ficient to promote growth and endogenous protein synthesis [31]. Hyperammonemia 
may be observed and is due to liver insufficiency and portosystemic shunts related to 
portal hypertension. Cholestasis itself has an inhibitory effect on the urea cycle [32], 
causing, in turn, elevated plasma bicarbonate. Ammonia can still be partially detoxi-
fied by the glutamine synthesis pathway located in the perivenular zone of the liver 
lobule, a mechanism well maintained in the cirrhotic nodule [33]. Hyperammonemia 
in the absence of encephalopathy does not justify protein restriction. Ammonia lev-
els may be reduced by the use of lactulose or sodium benzoate, but elevated levels of 
120 mmol/L at least are acceptable without evident side effects [8]. Severe protein 
restriction lower than 2 g/kg/day should be avoided since it will lead to endogenous 
muscle protein consumption [27].

Systematic use of semielemental diet and protein hydrolysates are not justified, 
since there is no evidence of protein malabsorption in CLD, but intestinal mucosal 
atrophy is occasionally seen in severe malnutrition when semielemental diet can be 
used temporarily. It should be kept in mind that the poor palatability of semielemental 
diets might actually decrease the intake. Increased need for dietary branched-chain 
amino acids (BCAA) in CLD is mediated in part by increased leucine oxidation 
in the postabsorptive state [34]. Experimental and clinical evidence show that an 
increased intake of BCAAs may improve the body composition of cholestatic chil-
dren. In an animal model of biliary obstruction, a formula enriched with BCAAs 
improved weight gain, protein mass, muscle mass, nitrogen balance, body composi-
tion, and bone mineral content with increased plasma BCAA, leading to the develop-
ment of a feed enriched in BCAAs designed for cholestatic infants (Heparon JuniorÒ, 
Nutricia, Bornem, Belgium). This product is not universally approved or available 
[5,35]. Additional clinical evidence shows a beneficial effect of a diet enriched in 
BCAAs in children with biliary atresia. Children receiving a semielemental formula 
enriched with BCAAs had an increase in total body potassium, mid upper-arm cir-
cumference, and subscapular skin-fold thickness, as compared with children receiv-
ing a standard semielemental formula. They also required fewer albumin infusions 
for management of ascites [5]. We suggest an ideal administration of protein as 3 g/kg  
day of whey proteins, being approximately 2.6 g/100 mL reconstituted formula, 
enriched in BCAA to 10%, in treating hyperammonemia if symptomatic rather than 
reducing protein intake.

Children with cholestatic liver disease should receive protein energy and elec
trolyte intake at least equivalent to that described in Table 19.2 according to 
tolerance.
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19.7 � Water and Electrolytes

Target total fluid should be normal for actual weight unless overload indicates restric-
tion. Minimal sodium of 1 mmol/kg/day and low-normal potassium of 2 mmol/kg/
day are usually appropriate. Do not correct the hyponatremia of liver failure with 
added sodium as fluid overload including ascites will probably result. Fluid restric-
tion should be used instead. It may be impossible to achieve satisfactory energy 
intake in circumstances of necessary fluid restriction.

19.8 �Vi tamins

Fat malabsorption is the primary cause of deficiency of fat-soluble vitamins (A, D, 
E, and K), but alterations in intermediary metabolism also contribute to decreased 

TABLE 19.2
Nutritional Requirements in Cholestatic Infants

Nutritional 
Element

Daily 
Requirement Products/Source

Means of 
Administration

Comments/
Monitoring

Total lipid/
MCT

30–50% of 
energy of 
which 30–70% 
MCT

Depending on 
product and level 
of malabsorption

As formula

PUFA/LCP Probably > 10% 
total energy

Rapeseed oil, egg 
yolk, walnut oil, 
fish oil, 
sunflower oil, 
soybean oil

Walnut oil added 
to feed/given 
separately

Products unpalatable
Levels difficult to 
measure and interpret. 
Most centers lack 
access to clinical 
measurement.

Protein 3–4 g/kg  
(min 2 g/kg)

Whey protein As formula Avoid semielemental 
diet/hydrolysates if 
not necessary.

Treat hyperammonemia 
instead of reducing 
protein intake.

BCAA 10% total AAs

Energy RDA for age or 
up to 150% of 
requirement for 
weight 

2/3 as CHO and 
1/3 as lipids 
approximately

As formula

Carbohydrate CHO polymer As formula Usually lactose free

Na/K Minimum 2–3 
mmol/kg

As formula

Source: 	 Baker A., Stevenson, R., Dhawan, A., Goncalves, I., Socha, P., and Sokal, E., Pediatr Transplant, 
11, 825–834, 2007. With permission.
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serum vitamin levels. It has been suggested that fat-soluble vitamin supplements 
should be given parenterally as soon as the serum bilirubin level exceeds 85 mmol/L 
[36], but high-dose oral formulations can be used with equal success and should 
be the standard recommendation unless insufficient availability is demonstrated. 
Recent progress in the use of a water-soluble form of vitamin E, d-a-tocopheryl 
polyethylene glycol-1000 succinate (TPGS-E), has enabled correction of vitamin E 
deficiency states [37,38] and has also allowed coadministration of other fat-soluble 
vitamins in patients with cholestasis [39].

Vitamin A deficiency causes dry skin, exophthalmia, and night blindness. Up to 
40% of cholestatic children had subtle evidence of vitamin A deficiency [40].

Serum level is not an accurate indicator of vitamin A depletion. Vitamin A liver 
metabolism is usually preserved in cholestatic patients and although liver measure-
ment is theoretically the best means to assess stores, it is not feasible in practice [41]. 
A useful ratio is plasma retinol/RBP molar ratio [calculated as serum retinol (μg/
dL)/serum RBP (mg/dL) ´ 0.0734]. Vitamin A replete patients have levels between 
0.8 and 2.0 [42]. Higher ratios can be associated with toxicity including liver fibrosis, 
hypercalcemia, pseudotumor cerebri, and painful bone lesions. Vitamin A toxicity is 
most effectively monitored from plasma levels of vitamin A esters.

Vitamin E deficiency is associated with progressive hypoflexia or areflexia, ataxia, 
peripheral neuropathy, and loss of vision. Oral TPGS-E supplementation in chole-
static children can quickly normalize serum vitamin E levels, but does not improve 
the increased lipid peroxidation and poor PUFA status [43]. Patients with Alagille 
syndrome and various types of progressive intrahepatic cholestasis are particularly 
at risk despite supplementation as recommended [44]. Vitamin E therapy monitoring  
uses vitamin E/total lipid ratio (normal > 0.8 mg/g, but with plasma vitamin E < 30 
mg/mL). Toxicity is unusual and includes impaired neutrophil chemotaxis and vita-
min K–dependent protein carboxylation.

Vitamin D deficiency is associated with hypocalcemia, hypophosphatemia, 
muscle hypotonia, and rickets. Among pediatric patients with cirrhosis lumbar bone 
mineral density was 22.4% less and bone mineral content 18.4% less than controls 
by dual x-ray absorption scanning [45]. Adequate supplements of 25-hydroxychole-
calciferol (25-OH-D) and appropriate intake of calcium and phosphorus should be 
given. Sunlight exposure should be encouraged but not to excess. Serum levels of 
25-OH-D exceeding 25 ng/mL must be achieved, whereas urinary calcium/creati-
nine ratio should be lower than 0.25. However, even with adequate levels of vitamin 
D, many infants with CLD remain osteopenic [46]. Hypercalcemia and pseudotumor 
cerebri are rare complications of excess.

Vitamin K was originally defined as a factor concerned with hemostasis, with 
deficiency resulting in hemorrhagic disease. Vitamin K deficiency leads to the syn-
thesis of undercarboxylated proteins such as coagulation factors II, VII, IX, X, and 
bone proteins: matrix GLA protein, osteocalcin, and protein S. PIVKA II (protein 
induced in the absence of vitamin K) measured by enzyme-linked immunosorbent 
assay is available in specialist laboratories and is more sensitive than prothrombin 
time for monitoring vitamin K deficiency. PIVKA II > 3 ng/mL reflects vitamin K 
deficiency. Among cholestatic children, 54% had evidence of vitamin K deficiency 
despite supplementation, whereas those with noncholestatic liver disease had none 
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[47]. For managing vitamin K deficiency, success has been achieved by using a 
vitamin K compound micellar formulation solubilized in glycocholate and lecithin, 
KonaKion MM (Roche, Basel, Switzerland), which is safe and efficacious [48,49].

Water-soluble vitamins should also be supplemented due to the risk of altered 
hepatic metabolism. Chin et al. [6] documented low levels of minerals and trace ele-
ments in children with cholestasis. The suggested dose (but without evidence in CLD) 
is twice the recommended daily intake [recommended dietary allowance (RDA)] 
[50]. Selenium, zinc, calcium, and magnesium should be supplemented as guided 
by plasma levels. Iron may enhance oxidative stress, carcinogenesis, and fibrogen-
esis in patients with liver disease [51]. Iron deficiency is uncommon in CLD except 
with chronic blood loss. Serum iron and transferrin levels are not reliable indicators 
of deficiency. Thus, regular iron supplementation is not indicated. Children with 
cholestatic liver disease should receive vitamin supplementation equivalent to that 
described in Table 19.3.

19.9 �A vailable Products

Available products are shown in Table 19.4. It may be possible to achieve improved 
growth with feed supplements, for example, maxijul glucose polymer or duocal CHO/
lipid emulsion added to bottle feeds. Caprilon (SHS) is designed for oral feeding in 
cholestasis with MCT, but 17% of CHO is lactose. Specially designed liver feeds 
with up to 3.7 g/100 mL feed as protein, 32% BCAAs, 70% MCT, glucose polymer, 
and low sodium to permit preparation at higher concentration in fluid restriction are 
available (Generaid Plus, SHS). This product, although associated with good clini-
cal response, is sufficiently unpalatable that nasogastric feeding is often required. It 
is not recommended by the Advisory Committee on Borderline Substances, a UK 
advisory committee advising on the prescription of products that are not drugs or 
medical devices for patients younger than 1 year old, but we have used it without 
problems in children as young as 6 months.

19.10 � Means of Administration

Many currently available commercial nutritional products are suitable for infants 
with CLD, but none are ideal for all situations. Additives are usually necessary 
in persistent failure to thrive although the practice of adding glucose polymers to 
increase energy alone is not recommended because this reduces the protein/energy 
ratio. The recommended ratio for catch-up growth is 9% [52]. Some centers use a 
modular feeding system with the various components combined for the needs and 
tolerance of the patient. Although this system works well for patients needing NGT 
feeding, it does not make for a palatable feed, and preparation is very demanding for 
the carers. Commercial preparations should form the first line of nutritional therapy 
with modular feeds used for special needs and refractory cases.

Anorexia is a common feature of severe liver disease as described above. It may 
be impossible to achieve energy requirements orally, especially with less palatable 
feeds. NGT feeding has been highly successful in overcoming these problems. Early 
use of nasogastric feeding is encouraged with gastrostomy feeding in selected cases 
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requiring long-term input but without severe portal hypertension. Bolus feeds are 
preferred in the first instance, being more physiological, but if they are associated 
with vomiting or if the target feed volume cannot be achieved for other reasons, 
continuous feeds administered by pump up to 20 hours per day often allow targets 
to be achieved. The period off feeds allows the gastric pH to fall to prevent bacterial 

TABLE 19.3
Nutritional Requirements: Vitamins and Minerals 

Nutritional 
Element

Daily 
Requirement Products/Source

Means of 
Administration Comments/Monitoring

Vitamin A < 10 kg 5,000 IU
> 10 kg 10,000 IU
IM—50,000 IU

Ketovite liquid and 
tablets, Abidec

Oral IM supplement only in 
severe refractory 
deficiency Serum 
retinol/RBP ³ 0.8

Vitamin D 25-OH-D:
2–5 mg/kg
IM, 30,000 IU
1–3 monthly

Ketovite liquid and 
tablets, Abidec 
has calciferol 400 
IU/day, IM 
calciferol

Oral/IM Supplementation with 
oral products containing 
calciferol may suffice. 
Refractory cases may 
require 25-OH-D or IM 
preps 25-OH-D serum 
levels > 20 ng/mL

Vitamin E TPGSa 25 IU/kg 
IM 10 mg/kg 
(max 200 mg) 
every 3 weeks

TPGS from 
Eastman-Kodak 
or Orphan 
Europe. Others 
include Ketovite 
liquid and tablets, 
Abidec, Ephynal

Oral Vitamin E/total lipids  
³ 0.6 mg/g

Vitamin E < 30 μg/mL
Look for reflexes!

Vitamin K 2 mg/day, weekly 
5 mg: 5–10 kg, 
10 mg > 10 kg

IM, 5–10 mg 
every 2 weeks

KonaKion MM
Micellar 
formulation or 
menadiol

Phytomenadione

Oral, IM Prothrombin time
PIVKA II < 3 ng/mL

Water-soluble 
vitamins

Twice RDA Children’s 
multivitamins, 
Ketovite liquid 
and tablets

Oral Supplement as needed 

Minerals
Calcium, 
selenium, 
zinc, 
phosphate

25–100 mg/kg
1–2 mg/kg
1 mg/kg
25–50 mg/kg

Oral Supplement as needed

Source: 	 Baker A., Stevenson, R., Dhawan, A., Goncalves, I., Socha, P., and Sokal, E., Pediatr Transplant, 
11, 825–834, 2007. With permission.

a	 TPGS-Vitamin E prepared by esterifying d-a-tocopheryl acid succinate with polyethylene glycol 1000.
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overgrowth. Overnight feeds of 8–10 hours giving half of the target intake may be 
a preferred strategy with the chance of maintaining some normal feeding behavior. 
Percutaneous endoscopic gastrostomy (PEG) may replace NGTs in long-term treat-
ment, but there may be a problem of stomal variceal bleeding if portal hypertension 
is present.

Complications are seen in proportion to the severity of the underlying liver 
disease and malnutrition and duration of feeding. Fluid overload, especially with 
hyponatremia, is a particular problem. If fluid restriction is necessary, it may become 
impossible to meet nutritional targets. Infusions of human albumin solution 20% to 
maintain serum albumin above 35 g/L may help, but such a situation is evidence 
of very poor liver function and failure of nutritional care is an indication for liver 

TABLE 19.4
Nutritional Products

Product/Company Protein Source/Fat Source

Osmolality  
(mosm/kg  
per 100  

mL Feed)

Pro (g) 
Fat (g) 
CHO 

(g) kcal Indications

Caprilon/SHS Whey protein, skimmed 
milk powder/MCT, 75% 
soybean oil

233 1.5  
3.6  
7  
66

Fat malabsorption, 
  pancreatic 
  insufficiency, liver
  disease

Generaid Plus/SHS Whey protein/MCT 35%/
Maize, coconut, palm 
kernel oil

up to 390 2.4  
4.2  
13.6 
102

Fat malabsorption, 
  pancreatic 
  insufficiency, liver 
  disease

Pepti-Junior/Cow 
and Gate

Whey hydrolysate 
supplementary amino acids 
MCT 50% maize, 
rapeseed, soybean oil

390 1.8  
3.6  
6.8  
67

Whole protein or 
  disaccharide 
  intolerance, fat 
  malabsorption

Pregestimil/Mead 
Johnson

Casein hydrolysate 
supplementary amino acids 
MCT 55% corn, soya, and 
safflower oils

330 1.89  
3.8  
6.9  
68

Whole protein or 
  disaccharide 
  intolerance, fat 
  malabsorption

Infatrini/Nutricia Whey 60% casein 40% 
skimmed milk powder 
Vegetable oils, LCP—egg 
lipids, fish oils

310 2.6  
5.4  
10.3 
100

Disease related 
  malnutrition, growth 
  failure in infants

Heparon Junior/
Nutricia

Casein hydrolysate 21%, 
BCAAs MCT 48.9%, 
soybean oil

357 2.0  
3.6  
11.6  
68

Severe liver disease 
  related malnutrition 
  not galactosemia

Source: 	 Baker A., Stevenson, R., Dhawan, A., Goncalves, I., Socha, P., and Sokal, E., Pediatr Transplant, 
11, 825–834, 2007. With permission.



300	 Nutrition, Diet Therapy, and the Liver

transplantation. Vomiting is common and may respond to antireflux measures. 
Aspiration is rare. Gaseous bloating is common and frequent loose stools (five to 
eight times a day) is almost universal in infants.

Infants who are fed exclusively nasogastrically at about the age of 7 months may 
not develop normal feeding behavior and find all oral contact aversive. Once estab-
lished, this situation can take months of hard work to correct. It is essential to main-
tain normal feeding behavior in some form alongside nasogastric or PEG feeding. 
Children should be encouraged to continue to take flavors and textures into their 
mouths appropriate to their age and begin to chew even if the nutritional contribution 
is negligible. Mealtimes should be respected. The opinion of a speech therapist with 
experience in this area may be very helpful.

19.11 �R ehabilitation After OLT

Most infants recover normal nutritional function and behavior rapidly after OLT 
[53–56]. Catch-up growth is most striking in those with worst previous malnutrition. 
Lactose and cow’s milk protein intolerances are recognized complications. Feeding 
behavior may be severely deranged, requiring months of expert psychological and 
speech therapy input in some cases. This situation will require the sustained input of 
the nutritional care team including a speech therapist, psychologist, or local equiva-
lent. All patients should undergo nutritional evaluation after transplant and rehabili-
tation if necessary.

19.12 � Parenteral Nutrition

PN is an accepted mode of delivery of calories and nutrients when the nasogas-
tric route cannot be used because of risk of esophageal variceal hemorrhage, if the 
patient is intolerant to enteral nutrition because of diarrhea with osmotic distur-
bance, or if the patient fails to respond. The indications for PN are therefore diar-
rhea, vomiting (limiting the enteral caloric administration), or repeated episodes of 
GI hemorrhage. These indications are usually short term and also allow the lim-
ited simultaneous administration of enteral feeding. The use of PN in children with 
compensated liver disease, for example, cystic fibrosis, follows standard principles. 
Standard amino acid solutions are well tolerated. The role of BCAA-rich amino acid 
solutions remains unproven [57] and is limited by availability and cost. Lipids are 
well tolerated and help to optimize caloric intake. Special attention should be paid 
toward fluid, electrolyte (particularly sodium), and micronutrient (particularly man-
ganese) balance. Normal IV trace element supplementation appears adequate even in 
severe cholestatic liver disease after the neonatal period.

The effect of prolonged PN on preexisting liver disease has not been studied in 
detail, but mild deterioration in biochemical parameters appears to be of little clinical 
significance. Abnormalities described in adults are mild elevations of liver enzymes 
with liver histology showing changes in steatosis and, in rare cases, cholestasis [58]. 
Guimber et al. [59] reported increase in Z scores in representing weight for age and 
weight for height, with no significant change in parameters of liver synthetic function 
in seven children with liver disease requiring PN. An increase in serum bilirubin 
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was assumed to be a combined effect of the natural progression of underlying liver 
disease and line sepsis or PN. Simultaneous administration of enteral calories even 
in small volumes should be considered because prolonged PN is likely to adversely 
affect liver function and enteral feeding is protective. With the exception of those 
with concomitant intestinal failure, children with cholestatic liver disease should 
only receive PN when all possible means of enteral feeding have failed and in asso-
ciation with a nutritional care team. Prophylactic ursodeoxycholic acid has been 
shown to be of benefit in treating PNAC in adults and children [60,61] and may be 
indicated with PN.

19.13 � Conclusions

Children with cholestatic liver disease require early and regular expert nutritional 
assessment including arm anthropometry. Early or prophylactic intervention is 
required with specialist feeds. Enteral nasogastric nutrition, if necessary, is pre-
ferred, with PN prescribed for patients in nutritional extremis or having primary GI 
disease. Energy intake is normal for age but increased by 40% or more for weight. 
Constituents are adapted to accommodate malabsorption and the metabolic derange-
ment of liver disease. Feeding behavior should be maintained as close to normal as 
possible. Failure of intensive nutritional management is an indicator and an adverse 
prognostic marker for liver transplantation. Units caring for children with liver dis-
ease must have full multidisciplinary team resources and written protocols suitable 
for audit.

19.14 �S ummary Points

Neonatal cholestatic liver disease is uncommon.·	
It is frequently accompanied by nutritional complications.·	
Patients need regular nutritional review and care by a nutritional care ·	
team.
Enteral feeding by NGT is the mainstay of treatment.·	
Feeds tend to be unpalatable as they are supplemented with MCT and/or ·	
BCAAs.
Fluid and electrolyte disturbances are a frequent obstruction to adequate or ·	
ideal intake.
Fat-soluble vitamins must be supplemented and levels monitored.·	
Problems related to feeding behavior are common after long-term nasogas-·	
tric feeding.
Many patients will ultimately proceed to liver transplantation, after which ·	
nutritional rehabilitation will be required.
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20.1 � Introduction

General health, growth, and development in infancy, childhood, and adolescence 
are critically dependent on nutritional status. Chronic liver disease impacts nutri-
tional status in a multifactorial manner by disrupting energy intake and expenditure, 
reducing absorption of macronutrients and micronutrients and altering metabolism. 
This chapter provides an overview of the nutritional consequences of chronic liver 
disease in pediatric patients with special attention to management of these issues 
leading up to and after liver transplantation. Nutritional therapy is perhaps the single 
most important treatment that can be provided for infants and children with chronic 
liver disease but requires attention to details of assessment as well as management 
of deficiencies.

20.2 �N utrition and Liver Transplant Evaluation

20.2.1 �A ssessment of Nutritional Status

Evaluation of nutritional status in children with chronic liver disease has three major 
goals: (1) identification of impairments in growth and development, (2) determina-
tion of specific needs/deficiencies in order to direct therapy, and (3) consideration 
of these factors with respect to the timing of liver transplantation. Precise assess-
ment of nutritional status in children with chronic liver disease is difficult, however, 
because the assessment tools are directly altered by liver disease as well as any 
malnutrition.

Although weight is easy to measure, these children often have significant con-
founding variables, including organomegaly, fluid retention, and ascites, that make 
weight an unreliable estimate of body mass. Weight-for-height determination improves  
the utility of the assessment but is still compromised by the difficulties stated 
above. Body mass index is of limited use in pediatric chronic liver disease because 
of its emphasis on weight and the influence of pubertal status (Taylor et al., 2005). 
Anthropometric measurements such as mid-arm circumference and skin-fold thick-
ness are a more accurate reflection of status, but require more time, special equip-
ment, and trained personnel. Furthermore, anthropometrics generally are not useful 
for tracking short-term responses to interventions. Height z score has been shown  
to be the simplest and most accurate single measure to reflect nutritional status in 
liver disease, but this also has caveats. Height measurement may be inaccurate in 
young infants, and height compromise may be multifactorial in children with genetic 
disorders (e.g., Alagille syndrome). Head circumference is often preserved until late 
stages of malnutrition, but should be a standard part of evaluation (Taylor et al., 
2005).

Serum protein levels have been used in nutritional assessment. Albumin, for exam-
ple, with its serum half-life of 18–20 days, is generally depressed in long-standing  
malnutrition; however, hepatic insufficiency may cause further depression (and albu-
min or blood product administration may falsely elevate the level). Proteins with 
shorter serum half-life are most sensitive to acute changes but pose other problems. 
Transferrin, for example, which has a half-life of 8–9 days, is also synthesized in the 
liver. Prealbumin, with a half-life of 24–48 hours, is also an acute-phase reactant. 
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Retinol-binding protein is metabolized in the liver and, with a half-life of 12 hours, 
is most sensitive to acute changes; however, levels may be depressed in vitamin A 
or zinc deficiency, both of which are features of chronic liver disease (Taylor et al., 
2005).

20.2.2 � Macronutrients in Pediatric Liver Disease

20.2.2.1 �E nergy Requirements
Malnutrition is a common consequence of chronic liver disease in children, espe-
cially when the disease is cholestatic in nature and/or begins in infancy. Even in 
relatively well preserved noncholestatic adults with Child class A cirrhosis, malnu-
trition has been estimated to be as high as 25% of patients (Tsiaousi et al., 2008). 
In adults, dietary counseling of patients with Child A and B class cirrhosis alone 
resulted in improved nutritional parameters over a 3-month period (Manguso et al., 
2005). Adults with ascites have been shown to have increased resting energy expen-
diture compared with those with cirrhosis, which is related perhaps to hyperdynamic 
circulation (Dolz et al., 1991; Taylor et al., 2003). Children have relatively greater 
nutritional needs to maintain normal growth and development, and the impact of 
deficiency is therefore greater. Various formulas for the calculation of resting energy 
expenditure in healthy children have been developed; however, these systems are 
not likely to be useful for children with chronic liver disease (Taylor et al., 2005). 
It has been estimated that infants and children with chronic liver disease require 
anywhere from 130 to 200 calories/kg/day to maintain growth (Guimber et al., 1999; 
Ramaccioni et al., 2000). Comprehensive examination showed that 21 infants with 
cholestatic liver diseases (predominantly biliary atresia) had a 27% increase in rest-
ing energy expenditure (ascribed largely to excess lipid oxidation during fasting and 
at rest) compared with 15 age-matched controls. Taken together, these findings sup-
port the use of high-calorie, high-protein, and carbohydrate diets with avoidance of 
fasting (Greer et al., 2003). Infants with cholestatic liver disease often exhibit delayed 
growth and are challenged by the combination of increased caloric requirements 
(baseline needs plus catch-up growth plus extra needs related to hospitalizations/sur-
gery) with decreased delivery [anorexia, nil per os (NPO) status, poor absorption due 
to cholestasis]. Satisfaction of these needs may be difficult especially for infants and 
young children with anorexia and malabsorption, who will often require supplemen-
tal tube feedings (Francavilla et al., 2003; Guimber et al., 1999; Ramaccioni et al., 
2000). In some cases, even supplemental tube feedings will be insufficient to meet 
caloric needs due to intolerance of feeding volumes or impaired utilization of calo-
ries. For this group with malnutrition resistant to enteral feeding, parenteral nutrition 
may be required and has been shown to be effective (Guimber et al., 1999).

20.2.2.2 �F at Requirements
Fat absorption is decreased in cholestasis causing decreased delivery of calories and 
also deficiency of individual fat-soluble micronutrients (discussed later in this chap-
ter). Medium-chain triglycerides (MCTs) are an ideal source of fat calories in the 
cholestatic patient as absorption does not require micelle formation. MCT oil pro-
vides improved delivery of fat; however, it does not contain the essential fatty acids, 
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and other fat-soluble micronutrients must be supplemented (Francavilla et al., 2003; 
Guimber et al., 1999; McDiarmid, 1996; Ramaccioni et al., 2000).

20.2.2.3 � Protein Requirements
Protein needs are increased in children with liver disease due to their catabolic 
hypermetabolic state, in which ingested protein and lean body mass is sacrificed 
for gluconeogenesis. Although protein intake may be limited in adults with hyper-
ammonemia and hepatic encephalopathy, protein intake should not be restricted in 
children with chronic liver disease.

20.2.2.4 � Carbohydrate Requirements
Chronic liver disease results in impairment of hepatic storage and release of glucose. 
Failure of the liver to provide a source of glucose between feedings is a major cause 
of the catabolic state that favors protein breakdown for gluconeogenesis. In advanced 
disease, hypoglycemia may result; however, even in patients who maintain normal 
serum glucose, fasting should be avoided. Intravenous glucose containing solutions 
may be used during fasting for procedures; overnight feedings will also be helpful 
in this regard.

In summary, chronic liver disease results in an increase in overall caloric needs 
and specific increased requirements for each of the major macronutrients. Disorders 
with comorbidities affecting nutritional status pose additional difficulties; for exam-
ple, Alagille syndrome and cystic fibrosis are diseases wherein chronic liver disease 
is complicated by pancreatic insufficiency causing an independent deleterious effect 
on nutritional status (Colombo et al., 2005; Rovner et al., 2002).

20.2.3 � Micronutrients in Pediatric Liver Disease

A wide array of micronutrient disturbances have been demonstrated in pediat-
ric liver disease, again with cholestasis a major factor in pathophysiology due to 
malabsorption.

20.2.3.1 �F at-Soluble Vitamins
Fat-soluble vitamin deficiencies have long been identified in cholestatic liver dis-
ease and attributed to failure of micellar solubilization (Table 20.1). The finding that 
markedly decreased intraluminal bile acid concentration correlated with depressed 
vitamin E absorption despite normal plasma transport and tissue uptake led to 
early recommendations to provide intramuscular vitamin E to profoundly chole-
static children (Sokol et al., 1983a, 1983b). Intramuscular administration was later  
replaced by oral d-a-tocopheryl succinate (TPGS) shown to be well absorbed 
despite cholestasis in pediatric patients (Sokol et al., 1987). TPGS has the additional 
advantage of improving the absorption of other lipid-soluble compounds (including 
the other fat-soluble vitamins) when coadministered. Like vitamin E, vitamin A is 
poorly absorbed in cholestasis, with deficiency reported in 43% of children stud-
ied (Feranchak et al., 2005; Ong et al., 1987). Supplementation is complicated by 
its potential hepatotoxicity and the difficulty in estimating body stores of vitamin 
A. Serum retinol levels are the most sensitive assay identifying 90% of deficient 
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patients (Feranchak et al., 2005). Although oral vitamin A is poorly absorbed in 
cholestasis, the absorption can be improved by coadministration with water-soluble 
TPGS described above (Feranchak et al., 2005). Similarly, vitamin K deficiency is 
common in children with cholestatic liver disease. Factors include poor absorption 
but also potential contributions from inhibition of vitamin K production in the liver 
and alterations in gut flora (due to antibiotics or Roux-en-Y loops) that reduce pro-
duction or absorption of intestinal vitamin K. A comparison of children with mild-
to-moderate cholestatic liver disease to those with noncholestatic liver disease and 
healthy children revealed striking vitamin K deficiency exclusive to the cholestatic 
children. Protein induced in vitamin K absence (PIVKA-II) was markedly elevated 
in the cholestatic group but not in noncholestatic or control children. Strikingly, 54% 
of cholestatic children taking vitamin K supplements were found to be deficient by 
this measure despite normal or near-normal clotting function, a reflection of the 
50% reduction in prothrombin required before a rise in prothrombin time occurs 
(Mager et al., 2006a). As expected, vitamin K deficiency is compounded by pancre-
atic insufficiency; 100% of children with cystic fibrosis liver disease had elevated 
PIVKA-II levels (Rashid et al., 1999). Finally, vitamin D levels become depleted 
in pediatric liver disease, leading to calcium malabsorption and, ultimately, hepatic 
osteodystrophy. Adequate vitamin D levels are essential for calcium absorption from 
the gut, reabsorption in the renal tubule, and mineralization of bone. To obtain suf-
ficient vitamin D, there must be adequate dietary intake, sufficient bile acids, and 
intact hepatocytes to metabolize vitamin D to 25-hydroxycholecalciferol (25-OH-D) 
as well as to make albumin and vitamin D–binding protein for transport to tissues 
(Bikle, 2007). Disruption of some or all of these pathways makes vitamin D supple-
mentation before transplant routine practice.

Achieving adequate vitamin D supplementation to correct 25-OH-D levels, how-
ever, may not correlate with improved bone health. It has been shown that the bone 
mineral content of infants and children with chronic cholestasis may be as much as 
3–5 standard deviations below the mean value for age (Bikle, 2007). However, only 
29% of these patients have decreased serum 25-OH-D levels. Vitamin D supplemen-
tation should be administered at doses sufficient to normalize vitamin D levels and 
also parathyroid level and serum and urine calcium (Bikle, 2007).

TABLE 20.1
Recommended Doses of Vitamins and Minerals in Children with Chronic 
Liver Disease

Nutrient Oral Dose

Vitamin A 5,000–15,000 IU/day

Vitamin D, 25-OH 4,000–12,000 IU/day

Vitamin E 25 IU/kg/day

Vitamin K 2.5–10 mg/day

Zinc 1 mg/kg/day

Note:	 Range of recommended fat-soluble vitamin and zinc doses.
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20.2.3.2 �O ther Micronutrients
20.2.3.2.1 � Branched-Chain Amino Acids
Supplementation of branched-chain amino acids (BCAAs) in children with chronic 
liver disease has been shown to increase growth and nitrogen balance, suggesting 
increased requirements for BCAA in this population. Chronic liver disease of a wide 
variety of liver disease (cholestatic and noncholestatic) has been characterized by 
altered amino acid patterns with lower concentrations of plasma BCAA (valine, leu-
cine, and isoleucine) with corresponding increases in aromatic amino acids (phe-
nylalanine and tyrosine). BCAA needs were estimated to be significantly higher in 
children with cholestatic liver disease as compared with norms using a stable isotope 
oxidation assay, and this elevation persisted (although at a lower level) in children 
after liver transplantation (Mager et al., 2006b, 2006c).

Mineral deficiency is observed in children with cholestatic or noncholestatic liver 
disease; other factors commonly noted are deficiencies in zinc, calcium, and magne-
sium, and those less well documented are deficiencies in manganese and selenium. 
Deficiency may be the result of poor intake and altered absorption, but hepatic syn-
thetic compromise may also contribute insofar as serum albumin and other liver 
proteins are required for maintenance of serum levels. Deficiencies of minerals, in 
turn, exacerbate other deficiencies; for example, magnesium depletion is common 
among cholestatic patients and causes altered vitamin D metabolism by blunting 
parathyroid hormone response (Heubi et al., 1997).

20.2.3.2.2 � Sodium Homeostasis 
Cirrhosis is well known to alter sodium homeostasis in a complex manner. Patients 
with cirrhosis often experience massive whole-body sodium overload with or with-
out retention of ascites, and this overload persists even in the face of decreased serum 
sodium levels. Discussion of the factors involved in this process is beyond the scope 
of this chapter; however, it is important to point out that iatrogenic (although not 
dietary) sodium intake must be closely monitored and restricted. Intravenous fluids 
and even flushes may deliver huge sodium loads, particularly in small infants who 
may also be receiving sodium in blood products and albumin infusions. Sodium con-
tent of antibiotics and other medications may be considerable and likewise deserves 
attention.

20.3 �N utrition and the Perioperative Period

A period of not eating is inevitably mandated in the immediate perioperative period. 
In the majority of cases, when the operative course is smooth, this period only lasts 
3–5 days. It is clear that surgical techniques will impact this duration. In infants in 
whom a new Roux-en-Y is fashioned, this period will be longer. In the frequent sce-
nario of a child with biliary atresia who has undergone Kasai, a roux loop is already 
present, and therefore, the NPO period is not lengthened. The exception to this is 
in cases where surgical dissection is difficult after Kasai due to multiple adhesions 
and there may be vascular compromise of the roux—in this situation, the operating 
surgeon may mandate longer bowel rest. In general, since the NPO period is usually 
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limited, interventions such as total parenteral nutrition are not necessary. It is clear 
that, if there are any particular complications lengthening the NPO period, such as a 
biliary leak or respiratory insufficiency requiring prolonged ventilation, then nutri-
tional interventions become necessary. As always, enteral feeding is preferred over 
parenteral nutrition. In some centers, postpyloric enteral feeding tubes are placed 
intraoperatively in malnourished patients to facilitate early enteral feeding.

It is imperative to consider nutritional rehabilitation as soon as possible after sur-
gery to begin the process of replenishing pretransplant deficits, as well as providing 
adequate calories to overcome the stress of abdominal surgery and hasten wound 
healing. Most children will eat well postoperatively, especially since underlying fac-
tors contributing to malaise and anorexia have been removed. Some children will 
require resumption of nasogastric feeds for a short period to maximize catch-up 
growth (van Mourik et al., 2000). In general, children eat better in their home sur-
roundings rather than in the hospital setting, and it is important to consider a child’s 
dietary intake in the postoperative period within this context, because it may reduce 
the need for unnecessary interventions.

20.4 �N utrition after Liver Transplantation

After liver transplantation, the underlying disease process is essentially cured in 
most cases, and one of the primary goals in the pediatric population is to realize 
the child’s genetic growth potential. This ideal includes achieving age-appropriate 
weight and height parameters as well as the normal onset of puberty.

Growth impairment and pubertal delay are common in graft recipients who have 
had chronic liver disease for the reasons detailed above (Fine, 2002; Evans et al., 
2005). Younger children (under the age of 1 year) are the most growth-impaired 
[Studies of Pediatric Liver Transplantation (SPLIT): year 2000 outcomes, 2001]. 
Current data suggest that although significant catch-up growth can be attained in 
many cases, it is often incomplete (Evans et al., 2005). Catch-up growth, a period of 
accelerated growth after transplant, occurs more rapidly for weight than for height. 
Data from the SPLIT database demonstrates that across age categories, weight nor-
malizes by the end of the first posttransplant year (SPLIT: year 2000 outcomes, 
2001). However, multiple studies reveal that catch-up linear growth is delayed until 
the second posttransplant year (Bartosh et al., 1999; McDiarmid et al., 1999; Saito 
et al., 2007). Catch-up growth continues for more than 5 years after liver transplant 
(Viner et al., 1999). However, height does not appear to entirely normalize and pedi-
atric recipients of liver transplants consistently have some linear growth impairment 
when compared with the general population (SPLIT: year 2000 outcomes, 2001; 
McDiarmid et al., 1999; Viner et al., 1999; Saito et al., 2007).

20.4.1 �F actors Affecting Growth Post–Liver Transplantation

Multiple factors may be correlated with or predict growth failure after liver trans-
plantation and these have been substantiated by a multivariate analysis of growth 
impairment in 432 children from the SPLIT registry, as well as multiple other stud-
ies (Table 20.2) (Alonso, 2008; Bartosh et al., 1999; McDiarmid et al., 1999; Renz et 
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al., 2001). Age appears to be an important factor, with older children demonstrating 
more growth impairment. The height deficit that occurs after liver transplantation 
varies with age and is more pronounced in children who underwent transplantation 
at an older age in whom short stature is well established (Renz et al., 2001). Children 
younger than 2 years old who had undergone transplantation appear to achieve excel-
lent catch-up growth and can achieve better final heights (McDiarmid et al., 1999; 
Viner et al., 1999; van Mourik et al., 2000; Renz et al., 2001). This age-related phe-
nomenon may partly reflect the different diagnoses requiring transplantation in the 
different age groups. Clearly, most children younger than 2 years old undergoing 
liver transplantation have biliary atresia. In a study of biliary atresia patients alone, 
children demonstrated excellent catch-up growth with weight returning to normal 
within the first year after transplantation, but, as with other diagnoses, height remain-
ing impaired even by the third posttransplantation year—of note, in this group there 
was no difference in catch-up growth in different age groups (younger or older than 
2 years) (Saito et al., 2007; McDiarmid et al., 1999).

The primary liver disease is also an important factor in predicting growth after 
transplantation. In Alagille syndrome, the cause of growth failure is multifacto-
rial and includes genetic, cardiac, pancreatic contributions, as well as cholestasis 
and liver disease. Therefore, after liver transplantation in Alagille syndrome, linear 
growth improves and becomes comparable to that of Alagille patients who had not 
undergone transplantation but remains below that which is expected of children who 
underwent transplantation for other indications (Quiros-Tejeira et al., 2000). In con-
trast, as mentioned above, a diagnosis of biliary atresia predicts better than expected 
catch-up growth.

Nutritional status at the time of transplantation is clearly important. As would 
be expected, children with higher z scores for height and weight at transplant are 
less likely to be growth-impaired after transplantation (McDiarmid et al., 1999). 
However, children with more growth retardation before transplantation, especially 
those younger than 2 years, demonstrate most catch-up growth (Bartosh et al., 1999; 
Viner et al., 1999). Overall, height, rather than weight, at the time of transplantation 
is the most important predictor of linear growth (Viner et al., 1999; Barshes et al., 
2006).

TABLE 20.2
Factors Affecting Post–Liver Transplant Growth in Children
Pretransplant factors

Age at transplantation•	

Degree of growth impairment at time of transplantation – height •	 z score

Primary hepatic diagnosis•	

Posttransplant factors

Glucocorticoid exposure•	

Graft function•	

Posttransplant lymphoproliferative disorder•	

Retransplantation•	
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Poor graft function and the need for a second transplant have been associated 
with poor height outcome (Viner et al., 1999). Graft type does not seem to impact 
posttransplant growth, with split graft and whole-size graft recipients having no sig-
nificant differences in linear growth (Mejia et al., 2007).

Steroid exposure is a well-known cause of linear growth failure. SPLIT data sug-
gest that children receiving steroids more than 18 months after transplant are more 
likely to be growth-impaired (Alonso, 2008). Although the degree of growth impair-
ment does not appear to be dose-related, this concern has led to the development of 
protocols in which steroid administration is minimized and then eliminated between 
6 and 18 months after transplantation.

20.4.2 �I nterventions to Maximize Growth and Nutrition  
after Liver Transplant

There are limited therapies available to maximize growth after liver transplant (Table 
20.3). Aggressive nutritional monitoring and intervention is clearly important, as in 
the pretransplant period. In some children, continuation of pretransplant maneuvers 
such as enteral supplementation or tube feedings is required. However, most children 
eat well by mouth as liver function returns to normal, and they return to a state of 
overall well-being. This is demonstrated by the excellent catch-up weight that most 
children achieve. Complications necessitating prolonged or repeated hospitaliza-
tions clearly negatively impact return-to-normal eating patterns. A few children may 
require behavioral feeding therapy to assist with this.

It is important to pay special attention to electrolyte supplementation in the post-
transplant period to maximize good nutrition. Calcineurin inhibitors are associated 
with wasting of magnesium, bicarbonate, and potassium, and these levels should be 
monitored and treated as required (Table 20.4). Hyperglycemia and diabetes mellitus 
are also known complications that may affect nutrition in the posttransplant period. 
Persistent hyperglycemia (hyperglycemia occurring more than 2 weeks after steroid 
induction and persisting for more 2 two weeks) was found in 17% of pediatric liver 
transplant recipients in one study (Romero et al., 2001). Insulin therapy (for longer 
than 4 months) was required in one-third of these children. This phenomenon is 
thought to be related to immunosuppressive agents. Frank diabetes mellitus has been 
reported to occur in 10% of pediatric long-term survivors of liver transplant, and it 

TABLE 20.3
Strategies to Maximize Post–Liver Transplant Growth and Nutrition  
in Children

Supplemental enteral feeds (by mouth or tube)•	

Electrolyte supplementation•	

Calcium and vitamin D supplementation•	

Behavioral therapy for feeding difficulties•	

Steroid minimization or avoidance•	

Recombinant growth hormone treatment•	
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appears that the majority of these individuals were steroid-dependent (Avitzur et al., 
2004). In the adult population, posttransplant diabetes is significantly more common 
(Driscoll et al., 2006).

Steroids are well known to impair linear growth; however, they still form an 
important part of the immunosuppressive regime at most centers. Steroid minimiza-
tion is well accepted, and steroids are usually rapidly weaned in the first 6 months 
after liver transplantation. In a recent study comparing a steroid-free tacrolimus-
basiliximab protocol to a conventional tacrolimus-steroid regimen, children demon-
strated more rapid catch-up growth as well as successful attainment of normal height 
in the steroid-free treatment group (Gras et al., 2008).

Optimizing linear growth postpediatric liver transplant is challenging. Other 
than minimizing steroid exposure, the only other therapeutic option is growth hor-
mone administration. Short- and long-term studies of recombinant growth hormone 
administration have shown improved linear growth (Puustinen et al., 2005; Rodeck 
et al., 2000). Treatment protocols require an extended period (> 1 year) of subcutane
ous therapy, although minimal side effects have been reported. It has been shown 
that the improvement in linear growth peaks in the first year but is sustained above 
baseline for up to 5 years of treatment (Puustinen et al., 2005). Growth hormone 
administration seems a particularly appropriate option for height-impaired children 
in whom prolonged steroid exposure is necessary (such as with a primary diagnosis 
of autoimmune hepatitis).

20.4.3 � Bone Health after Liver Transplantation

Cholestatic liver disease is known to impair bone mineral density. After liver trans-
plantation, bone mineral density normalizes (Okajima et al., 2003; D’Antiga et al., 
2004; Guthery et al., 2003). Children with prolonged or repeated steroid exposure or 
those with a primary diagnosis that affects bone, such as Alagille syndrome, remain 

TABLE 20.4
Immunosuppressants and Gastrointestinal and Nutritional-Related  
Side Effects

Medication Gastrointestinal and Nutritional Side Effects

Cyclosporin A Hyperglycemia, hypercholesterolemia, hyperkalemia, hypokalemia, 
hypomagnesemia

Prednisone Water/sodium retention, increase in appetite and weight, hyperglycemia, 
impaired linear growth, osteoporosis, gastrointestinal ulcerations, 
pancreatitis

Azathioprine Nausea, vomiting, altered taste, esophagitis, pancreatitis

Tacrolimus Hyperkalemia, hypokalemia, hyperglycemia, hypomagnesemia, 
bicarbonate wasting

Mycophenolate mofetil Nausea, vomiting, diarrhea, abdominal pain

Sirolimus Nausea, diarrhea, mouth ulcers, hypercholesterolemia, 
hypertriglyceridemia
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vulnerable to impaired bone mineral density, and in these cases calcium and vitamin 
D supplementation is appropriate.

20.5 �S ummary

Liver disease in children has a profound effect on nutritional status, which, in turn, 
impacts growth, development, progress of liver disease, and outcome of transplanta-
tion (Table 20.5). Nutritional disturbances may persist even after liver transplantation 
and may be exacerbated by medications or other treatments. Comprehensive medi-
cal management of pediatric liver disease and of liver transplant recipients includes 
careful nutritional assessment and individually tailored nutritional therapy.

20.6 �S ummary Points

Management of liver disease in children includes thorough nutritional ·	
assessment.
Liver disease in children has profound impact on nutritional status.·	
Altered nutritional status complicates the progress of liver disease in ·	
children.
Both macronutrient and micronutrient balance may be affected by liver dis-·	
ease in children.
Nutritional therapy is critical for optimal care of children with liver ·	
disease.
Optimization of nutritional status has profound impact on the outcome of ·	
liver transplantation.
Alterations in nutrition status may persist after transplant.·	
After transplant, medications may continue to interfere with nutrition status ·	
and growth.
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Aging is commonly associated with insulin resistance, characterized by a progres-
sive impairment in glucose uptake and utilization primarily in skeletal muscle. 
Redistribution of body mass from muscle to fat and progressive hyperglycemia, 
hyperlipidemia, hyperinsulinemia, and hypertension (the “metabolic syndrome”) 
often occur. Dysfunction of the central nervous system and the autonomic nervous 
system, including reduced parasympathetic and CNS cholinergic tone, are also 
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commonly seen with aging. We have recently suggested that the initiating metabolic 
defect that leads progressively to the metabolic syndrome, diabetes, and multiple 
organ failure is a postprandial defect in glucose sequestration that results in nutrient 
energy being shifted from normal storage as glycogen in skeletal muscle to produc-
tion and storage of lipids and is typified by postprandial hyperglycemia, hyperinsu-
linemia, hyperlipidemia, and increased reactive oxidative stress.

In the normal healthy state, feeding results in a rapid meal-induced insulin sensi-
tization (MIS). The mechanism of MIS has been demonstrated to result from insulin 
acting in the presence of feeding signals delivered to the liver resulting in the release 
of a hepatic insulin sensitizing substance (HISS), which acts selectively on skeletal 
muscle to stimulate glucose uptake. HISS action accounts for approximately 55% of 
the total glucose disposal response to a pulse of insulin in the fed state. MIS decreases 
with age and results in a progressive series of metabolic and tissue dysfunctions. 
Based on these concepts, the liver becomes the primary therapeutic target.

In this chapter, we focus on the MIS phenomenon and the impact of nutrition on 
both potentiating and attenuating the progressive development of absence of MIS 
(AMIS) and the consequent metabolic dysfunctions that normally occur with aging.

21.1 �Ag e and Parasympathetic Dysfunction

Aging is associated with a generalized reduction in parasympathetic nerve function 
demonstrated for the cardiovascular system (O’Brien et al., 1986; Ingall et al., 1990), 
eyes (Fitzgerald et al., 2005), gastrointestinal tract (Phillips and Powley, 2007), and 
urinary bladder (Schneider et al., 2005). Parasympathetic dysfunction can be identi-
fied before the development of diabetes (Lautt, 1980) and is later associated with 
the metabolic syndrome (Britton et al. 2007) and obesity (Skrapari et al., 2007; Von 
Kanel et al., 2007. Parasympathetic dysfunction in the liver results in blockade of 
HISS release and AMIS (for a review, see Lautt, 2004).

21.2 �Agi ng and Oxidative Stress

Increasing evidence suggests that reactive oxygen species are involved with, or even 
trigger, the process of aging (Biesalski, 2002). The free radical theory of aging was 
first proposed by Harman in 1956. According to this theory, endogenously produced 
free radicals continuously and progressively cause permanent tissue damage, finally 
leading to aging. Since the majority of free radicals are produced from the mito-
chondria, the current version of this theory is the mitochondrial free radical theory 
of aging. Oxidative damage to proteins has been found in association with age in 
a variety of tissues and cells including fibroblasts, brain, liver, heart, and skeletal 
muscles. (For a review, see Merker et al., 2001.)

21.3 � Postprandial Hyperglycemia, Hyperinsulinemia, 
Hyperlipidemia, and Oxidative Stress

The majority of studies and diagnosis of metabolic diseases continue to focus on the 
fasted state. However, the importance of postprandial rather than fasting metabolic 



Hepatic Control of Peripheral Insulin Action	 323

defects, as related to cardiovascular disease, is becoming increasingly recognized. 
Auto-oxidative glycosylation plays an important role in the pathophysiology associ-
ated with diabetes and aging (Wolff et al., 1989; Hunt et al., 1988). The relation-
ship between glycosylated hemoglobin and plasma glucose in patients with type 2 
diabetes was predicted by postprandial glycemic levels (Avignon et al., 1997). The 
strongest age- and sex-adjusted relative risk for all-cause and cardiovascular mortal-
ity was associated with 2-hour post-load plasma glucose levels (de Vegt et al., 1999). 
Increased mortality risk has been associated with 2-hour postload plasma glucose 
levels to a much greater extent than with fasting plasma glucose (Hanefeld et al., 
1996; DECODE Study Group, 1999). Isolated postload hyperglycemia is a strong 
predictor of mortality (Simon et al., 1987; DECODE Study Group, 1999; Shaw et al., 
1999; Vaccaro et al., 1999; Engelgau et al., 2000; Simon and Brandenberger, 2002).

It has been suggested that hyperglycemia-induced overproduction of superoxide 
by the mitochondrial electron transport chain accounts for the four main molecular 
mechanisms implicated in glucose-mediated vascular damage associated with blind-
ness, renal failure, nerve damage, atherosclerosis, stroke, and hind limb amputation 
(Brownlee, 2001). Postprandial plasma glucose is an important determinant of both 
onset and development of nephropathy in patients with type 2 diabetes (Schchiri et 
al., 2000). Low-density lipoprotein oxidation increases after meals (Diwadkar et al., 
1999) and directly relates to the degree of hyperglycemia (Ceriello et al., 1999). Acute 
hyperglycemia is associated with an acute increase in clotting factor VII (Ceriello et 
al., 1998) and enhanced thrombin activity that is proportional to the level of hyper-
glycemia (Ceriello et al., 1996). The synthesis of fibrinogen, which is a strong risk 
factor for cardiovascular disease in both diabetic and nondiabetic subjects, increases 
during food intake in diabetic patients (Ceriello, 1997).

Acute hyperglycemia also stimulates increased expression of proadhesive proteins 
including intercellular adhesion molecule 1 (Ceriello, 2003). Dunn and Grant (2005) 
reviewed the relationship between the hypercoagulable prothrombic state occurring 
in type 2 diabetes and cardiovascular disease risk. In a review of the importance of 
postprandial hyperglycemia on the development of cardiovascular disease, Haffner 
(1998) suggested that atherosclerotic changes start to develop in the prediabetic state 
when postprandial blood glucose levels are only moderately elevated above normal 
levels. He suggested, however, that increased insulin resistance and hyperinsuline-
mia may be responsible for the atherosclerotic changes and that hyperglycemia may 
be a marker but not a cause of these changes. The role of postprandial hyperglyce-
mia, hyperlipidemia, hyperinsulinemia, and oxidative stress on cardiovascular dis-
ease has recently been reviewed (Lautt, 2007). A negative influence of postprandial 
hypertriglyceridemia on endothelial function is seen in diabetic subjects (Bae et 
al., 2001; Anderson et al., 2001). Postprandial hypertriglyceridemia is a recognized 
independent predictor of cardiovascular pathology (Anderson et al., 2001). Ingelsson 
et al. (2005) suggested that obesity may be a coincidental predictor of cardiovascular 
dysfunction and is simply a marker of insulin resistance, which is compensated for 
by hyperinsulinemia, and suggested that hyperinsulinemia was a cardiovascular risk 
factor through several possible mechanisms.

Ceriello, recognizing the strong relationship between processing a meal and the 
production of oxidative stress, concluded that “paradoxically, the vast majority of 
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the studies on cardiovascular disease risk factors have been conducted by measuring 
them in strictly fasting conditions. This simply means that most of the data avail-
able to date may not reflect the real situation” (Ceriello, 2000). Meal consumption 
in healthy subjects acutely reduces antioxidant defenses (Ceriello et al., 1998) and 
produces oxidative stress that is linked to the pathogenesis of cardiovascular disease 
(Griendling and Alexander, 1997) and hypertension (Nakazono et al., 1991).

21.4 �A ntioxidants

The effects of antioxidants or free radical scavengers have been widely tested for 
the prevention and treatment of acute and chronic diseases. However, the efficacy 
of antioxidant treatment in clinical trials has been generally unimpressive. We have 
suggested that the major reason is that, although the production of the free radicals 
with various chemical properties is widely spread out throughout the different tis-
sue and cellular components, the chemical property of an individual antioxidant can 
only allow it to scavenge the free radicals located in a specific cellular component, 
for example, the lipid or aqueous phase. The efficacy of an antioxidant substance is 
also dependent on the redox state of the cell. In situations where an imbalanced redox 
state preexisted, antioxidant treatment may be ineffective or even detrimental.

We have recently demonstrated a unique synergistic interaction among three anti-
oxidants selected to specifically target different cellular components. The combi-
nation of S-adenosylmethionine and vitamins E and C has been shown to protect 
against liver damage and the development of HISS-dependent insulin resistance 
(HDIR) that occurs as a result of acute exposure to the hepatotoxic thioacetamide 
(Ming et al., 2006). All three compounds play an important and different but inter-
acting, role in scavenging free radicals. The water-soluble property of vitamin C 
makes it the first-order antioxidant to protect cell components from free radical– 
induced damage by quenching various water-soluble radicals, for example, super
oxide anion. Vitamin E is a lipid-soluble molecule and can transfer its phenolic 
hydrogen to a peroxyl free radical of a peroxidized polyunsaturated fatty acid, 
thereby breaking the radical chain reaction, thus preventing the lipid peroxidation in 
cellular and subcellular membrane phospholipids, especially those of mitochondria 
and microsomes. S-Adenosylmethionine is a natural, nontoxic regulator of glutathi-
one (GSH). GSH is the main intracellular defense against free radicals. GSH stores 
are significantly depleted in liver injury induced by oxidative stress. Administration 
of S-adenosylmethionine represents an effective means of restoring intracellular 
GSH stores especially in mitochondria, thus improving the cellular ability to scav-
enge free radicals (Lieber, 1999). The unique synergistic activity of this antioxidant 
cocktail, referred to as Samec for convenience, was shown by the demonstration 
that the combination of vitamins C and E did not confer protection of serum ala-
nine aminotransferase or aspartate aminotransferase levels 24 hours after exposure 
to thioacetamide. Similarly, S-adenosylmethionine presented alone did not confer 
protection, whereas the combination cocktail conferred very significant protection. 
Similarly, the activity of HISS was virtually eliminated by the acute hepatotoxin and 
was protected only by the combined cocktail (Ming et al., 2006).
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21.5 � Meal-Induced Insulin Sensitization

MIS is a readily quantified phenomenon that has been only recently identified 
(Lautt, 1999; Lautt et al., 2001; Sadri et al., 2006). Despite the potential signifi-
cance of this observation, it has apparently not been studied by anyone other than 
our group. MIS is seen as a dramatic increase in the glucose disposal response to 
insulin immediately after a meal. The phenomenon of MIS is defined from the 
observation that the dynamic response to insulin determined after a 24-hour fast 
is doubled when tested 100 minutes after administration of a mixed meal in rats 
(Sadri et al., 2006) and humans (Patarrao et al., 2008). The process of MIS is a 
result of the action of HISS, which is released from the liver in response to a pulse 
of insulin and acts selectively to stimulate glucose uptake in skeletal muscle (Xie 
and Lautt, 1996). Although the chemical identity of HISS remains unknown, its 
action can be quantified (see Lautt, 2003) and a homeostatic role has been sug-
gested (see Lautt, 2004).

For MIS to be quantified, an index of insulin sensitivity must be used that can be 
carried out in both the fed and fasted states. The acute dynamic response to insulin 
used to demonstrate MIS has been shown using changes in arterial-venous glucose 
gradients (glucose extraction) across various organs, the use of the insulin tolerance 
test, and a rapid insulin sensitivity test (RIST).

RIST is a rapidly sampled transient euglycemic clamp in response to a bolus 
administration of insulin. The operating procedure for the RIST has been described 
(Lautt et al., 1998) and methods for differentiating and quantifying HISS-dependent 
and HISS-independent insulin actions have been reviewed (Lautt, 2003). The RIST 
index is the amount of glucose required to be infused to maintain a euglycemic base-
line after a bolus administration of insulin.

MIS can be quantified using two different approaches as shown in Figure 21.1 
(from Sadri et al., 2006). A RIST index is determined first after a 24-hour fast where 
HISS release is minimal or absent (Lautt et al., 2001). The phenomenon of MIS is 
then demonstrated by carrying out the RIST approximately 100 min after adminis-
tration of a mixed meal and after a new euglycemic baseline has been established. In 
Figure 21.1, the study was carried out in conscious rats where the meal was admin-
istered as a mixed liquid test meal directly into the stomach through an implanted 
catheter. A similar degree of MIS can be demonstrated in conscious animals that 
have voluntarily consumed a meal of normal rat chow (Latour and Lautt, 2002). The 
difference in RIST index between the 24-hour fasted and fed states is attributed to 
HISS action on skeletal muscle.

The second method to quantify MIS is to determine the RIST index in the recently 
fed state and then again after HISS release has been blocked by any of several means 
known to interfere with the feeding signals (Lautt et al., 2001). In Figure 21.1, the 
MIS phenomenon is completely blocked by intravenous administration of atropine, 
which acts on muscarinic receptors in the liver to block HISS release. From this 
figure, it can be seen that quantification of the MIS phenomenon is similar using 
either method. The most straightforward method technically is to allow feeding in 
the conscious state and then to carry out the tests under anesthesia before and after 
atropine to differentiate the HISS component.
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HISS release from the liver is dependent on receiving three simultaneous signals. 
Two permissive “feeding signals” are required to be delivered to the liver. The first 
signal is an elevation of hepatic GSH levels that increase by approximately 30% after 
a meal (Tateishi et al., 1974; Guarino et al., 2003) and the second signal is delivered 
by the hepatic parasympathetic nerves, which release acetylcholine to act on mus-
carinic receptors, resulting in activation of nitric oxide synthase and generation of 
nitric oxide. In the presence of these two feeding signals, a pulse of insulin results in 
the release of a pulse of HISS. Figure 21.2 shows the dynamic RIST curves obtained 
in fed anesthetized rats before and after HISS release has been blocked by inhibition 
of hepatic muscarinic receptors using atropine, blockade of hepatic nitric oxide syn-
thase using NG-monomethyl-l-arginine (l-NMMA) or by surgical denervation of the 
liver (Lautt et al., 2001). The pulsatile nature of HISS action is evident.

21.6 �A bsence of Meal-Induced Insulin Sensitization

Blockade of HISS release prevents both the development of MIS in response to a 
meal and blocks MIS once it has been developed (Sadri et al., 2006). HISS-dependent 
insulin action accounts for 55% of the response to a pulse of insulin in the fed rat 
(Lautt et al., 2001), 45% in fed mice (Latour and Chan, 2002), and 67% in fed humans 
(Patarrao et al., 2008). HISS action decreases progressively with the duration of fast-
ing to become insignificant after a 24-hour fast. In the absence of HISS release, a 
state of HISS-dependent insulin resistance (HDIR) is said to exist. Although HDIR 
is appropriate in the fasted state in order to reduce the hypoglycemic impact of insu-
lin, HDIR in the fed state results in AMIS. We have suggested that AMIS represents 
the earliest metabolic deficiency that leads to a definable and predictable series of 
consequences including “syndrome X” and diabetes.
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FIGURE 21.1  Quantification of meal-induced insulin sensitization (MIS). The rapid insu-
lin sensitivity test (RIST) index was determined after a 24-hour fast (control), following 
administration of a liquid test meal and then after atropine (to block HISS release). MIS 
can be quantified either from the difference in response to insulin comparing 24-hour-
fasted to fed responses, or from comparing fed responses to post-atropine responses. Both 
methods have advantages and disadvantages depending on the question. (From Sadri, P.,  
Reid, M. A. G., Afonso, R. A., et al., Br J Nutr, 95, 288–295, 2006. With permission.)
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The normal response to a meal results in a considerably amplified response to 
insulin secondary to HISS acting on skeletal muscle (Xie and Lautt, 1996; Moore et 
al., 2002) leading to nutrient storage primarily as glycogen in skeletal muscle. When 
HDIR results in AMIS, the postprandial condition is typified by hyperglycemia, 
compensatory hyperinsulinemia, and resultant hyperlipidemia. All of these condi-
tions are associated with increased free radical production, which has been suggested 
to account for virtually all of the complications associated with the “metabolic syn-
drome.” We have suggested that HDIR and the resultant AMIS could account for 
the cardiovascular and other risks associated with insulin resistance, obesity, and 
diabetes (Lautt, 2007; Lautt et al., 2008; Ming et al., 2008). Because AMIS results 
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FIGURE 21.2  Dynamic insulin action demonstrating the HISS-dependent and HISS-
independent components. The mean (n = 8–18) dynamic RIST response to a bolus of 50 mU/kg  
insulin showing the rate of glucose infusion required to maintain a euglycemic baseline in fed 
rats (control) and after HISS release was blocked by inhibition of hepatic nitric oxide synthase 
(l-NMMA), surgical denervation of the liver, and blockade of hepatic muscarinic receptors 
(atropine). The difference between the two curves on the left panel is shown as HISS action 
in the right panels. (From Lautt, W. W., Macedo, M. P., Sadri, P., Takayama, S., Ramos, F. 
D., and Legare, D. J., Am J Physiol Gastrointest Liver Physiol, 281, G29–G36, 2001. With 
permission.)
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in a mechanistic-based, predictable, and manipulatable progression of dysfunctions, 
we suggest it could be referred to as an AMIS syndrome (Table 21.1).

21.6.1 �A MIS, Age, and Sucrose

Aging is associated with a decrease in lean body mass and a relative increase in 
fat mass (Barbieri et al., 2001). Insulin resistance associated with aging is closely 
related to fat accumulation (Kohrt et al., 1993). The insulin resistance seen with 
aging in rats is completely accountable for by a decrease in HISS action with the 
HISS-independent component of insulin action, detectable after atropine adminis-
tration, being undiminished (Macedo et al., 2002).

We have recently demonstrated that a diet high in sucrose provided either as an 
additional supplement through drinking of water or through an isocaloric replace-
ment for starch in solid rat chow results in insulin resistance that is accountable for 
by HDIR with the HISS-independent component remaining unaltered (Ribeiro et 
al., 2005).

21.7 �HD IR Associated with Age Accelerated by 
Sucrose Supplement and Attenuated by Samec

HDIR and resultant AMIS associated with normal aging can be positively and neg-
atively impacted by nutrition (Lautt et al., 2008; Ming et al., 2009). A low-dose 
sucrose supplement was used to accelerate HDIR during the aging process up to 1 
year. In addition, the antioxidant cocktail, Samec, consisting of S-adenosylmethione, 
vitamin C, and vitamin E formulated into the chow, demonstrated a strong protec-
tive effect for HDIR and AMIS associated with aging and with the sucrose diet. The 
objective was to test the AMIS syndrome hypothesis, which proposes that HDIR 
is an initiating metabolic defect that leads progressively to dysfunctions associated 
with syndrome X or the metabolic syndrome, obesity, and type 2 diabetes.

TABLE 21.1
Key Features of the Absence of Meal-Induced Insulin Sensitization (AMIS) 
Syndrome: Basic “Take-Home” Messages
1. The ability of insulin to remove glucose from blood is approximately doubled immediately after meal.

2. This meal-induced insulin sensitization results in glucose being stored in muscle.

3. �AMIS, through a defined mechanism regulated by the liver, results in nutrients being stored as fat and 
in the response to a meal resulting in metabolic disturbances including increased free radical stress.

4. �Metabolic disturbances associated with AMIS result in a wide range of progressive dysfunctions 
including obesity, impaired heart function, impaired blood vessel responses associated with high 
blood pressure, dysfunctions of the eye and kidney, and generation of foot ulcers. AMIS can be 
triggered by a wide range of stressors including inappropriate diet through high sugar intake.

5. �AMIS and the related symptoms can be attenuated by incorporation of an antioxidant either through 
mixed foods or a unique pharmaceutical antioxidant cocktail.
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The RIST index in 9-week-old rats dramatically decreased from 175 ± 7 to 100 ± 6 
by 6 months of age and further to 79 ± 4 mg/kg by 12 months with the HISS-dependent 
component accounting for virtually all of the decrease. HISS action accounted for  
52 ± 2% of the response to insulin in young (9 weeks) animals, but decreased to 
30 ± 3% at 6 months and 17 ± 3% by 1 year (Figure 21.3). The antioxidant cocktail 
attenuated the decrease in the HISS component, which remained at 44 ± 2% and  
41 ± 2% at 6 and 12 months of age, respectively.

Figure 21.4 shows the detrimental effect of the low-dose sucrose supplement and 
the protective effect of the antioxidant on HISS action when administered concomi-
tantly with the sucrose supplement. The effects on the HISS-independent compo-
nent of insulin action were quantitatively minor and the impact on the RIST index 
could be accounted for almost entirely by changes in the HISS component of insulin 
action.
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FIGURE 21.3  Effect of age on insulin action. Age results in reduced dynamic response to 
insulin attributable to HISS action with the HISS-independent (post-atropine) component of 
insulin action being modestly affected. (From Lautt, W. W., Ming, Z., Macedo, M. P., and 
Legare, D. J., Exp Gerontol, 43, 790–800, 2008. With permission.)
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The hypothesis that HISS action inversely relates to adiposity is critically tested 
by the data shown in Figure 21.5, where HISS action and adiposity (whole body 
based on electrical impedance and confirmed by measurement of regional fat depots 
from perinephric, perienteric, and epididymal masses) are shown. These data are 
pooled for several groups including normal aged and sucrose and antioxidant com-
binations at each age. Considering the diversity of long-term interventions, the cor-
relation is remarkable. Adiposity was predicted by determining the HISS component 
of insulin action.

HISS action correlated with other components associated with the metabolic 
syndrome. Fasting glucose, insulin, triglyceride, and total cholesterol levels and 
postprandial insulin and glucose correlated significantly with HISS action. The 
antioxidant supplement afforded protection against development of AMIS with age 
and completely prevented the negative effect of sucrose on development of AMIS. 
Correlation analysis showed that HISS action could be manipulated over a suffi-
ciently wide range to demonstrate significant and strong correlation with parameters 
associated with the metabolic syndrome, diabetes, and obesity (Lautt et al., 2008; 
Ming et al., 2009).

Initial predictions of the AMIS syndrome have been demonstrated. Whereas the 
connection among absence of HISS action, adiposity, hyperglycemia, hyperlipi-
demia, and hyperinsulinemia have been demonstrated, specific tissue and organ dys-
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FIGURE 21.4  Interaction of age, sucrose, and antioxidants on HISS action. HISS-dependent 
insulin action assessed from the RIST index decreases with age and is made worse by a low 
dose (5%) sucrose supplement. The antioxidant cocktail (Samec) attenuated the decline in 
HISS action resulting from age and completely prevented the impact of sucrose. (Calculated 
from the data of Lautt, W. W., Ming, Z., Macedo, M. P., and Legare, D. J., Exp Gerontol, 43, 
790–800, 2008.)
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functions have not yet been reported. The AMIS hypothesis defines a central role of 
the liver in regulating nutrient partitioning to fat or glycogen.

21.8 � Implications and Applications

These studies suggest that some of the major impairments that are associated with 
aging can be attributed to HDIR, and HDIR can be positively and negatively affected 
by nutrition. The historical and epidemiological relationship between sugar consump-
tion and the characteristics that we suggest can be considered as the AMIS syndrome 
implies that a major contributor to the current epidemic of metabolic syndrome, adi-
posity, and diabetes is preventable by reduction of intake of sugars. The importance of 
an antioxidant balance is also amply demonstrated in these studies. Epidemiological 
studies demonstrate that diets high in antioxidants have health benefits, whereas indi-
vidual dietary supplements have generally provided minimal advantage and, because 
of the imbalance imposed by a high dose of a single compound, can result in toxicities. 
Even a modest sucrose supplement approximately doubled the rate of development of 
HDIR with aging, and an antioxidant cocktail conferred complete protection against 
the sucrose impact and also significantly attenuated age-related HDIR and a cluster of 
dysfunctions predicted by the AMIS syndrome. The impact of other lifestyle interven-
tions, such as exercise, on HDIR and resultant AMIS has not been examined.
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weeks), age plus sucrose, age plus antioxidant (Samec), and age plus sucrose plus antioxidant 
(Samec). Whole-body fat mass was estimated from bioelectrical impedance, but the relation-
ship is similar for adiposity determined from regional adiposity based on weighed fat mass 
from perinephric, perienteric, and epididymal fat pads. As HISS action decreases, adiposity 
increases. (Calculated from the data of Lautt, W. W., Ming, Z., Macedo, M. P., and Legare, D. 
J., Exp Gerontol, 43, 790–800, 2008.)
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21.9 �S ummary Points

Increased postprandial skeletal muscle responses to insulin are determined ·	
by the liver through release of a HISS.
In the normal state, feeding leads to doubling the whole-body response to ·	
insulin.
MIS results from insulin releasing HISS from the liver to act selectively on ·	
skeletal muscle.
Lack of HISS results in AMIS.·	
Insulin resistance associated with age is attributable to lack of HISS and ·	
resultant AMIS.
The AMIS syndrome accounts for postprandial hyperglycemia, hyperinsu-·	
linemia, hyperlipidemia, and increased reactive oxygen generation.
HISS release and MIS are affected by nutrition, inhibited by sucrose, and ·	
potentiated by antioxidants.
As HISS action changes, adiposity changes as do other components of the ·	
AMIS syndrome including postprandial insulin and glucose, and fasting 
insulin, triglycerides, cholesterol, and blood pressure.
Resistance to the direct effect of insulin develops slower and later than ·	
resistance to HISS.
Therapeutic targeting of the liver restores HISS release and reverses AMIS.·	
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22.1 � Introduction

Indication for diet therapy is given by the randomized controlled trials showing 
a beneficial effect on clinical outcome. According to the guidelines issued by the 
European Society of Clinical Nutrition and Metabolism (ESPEN), there is indication 
for nutrition support, such as enteral feeding, when patients with cirrhosis cannot 
meet their nutritional requirements from normal food (Plauth et al., 2006). This is 
a level A recommendation based on the results of randomized trials and an earlier 
thorough analysis of randomized trials, which indicated that a decrease in mortality 
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is likely when nutrition support is given to patients with low energy and protein 
intake due to complications of the disease (Kondrup and Müller, 1997) (Table 22.1).

22.2 � Carbohydrate-Lipids Energy

22.2.1 � Glucose Metabolism

Many patients with cirrhosis have glucose intolerance or frank diabetes. A frequency 
of 20–30% has been reported (Gentile et al., 1993). Glucose intolerance does not 
seem to be related to clinical or biochemical indices of the disease nor to the etiol-
ogy of the disease (Lecube et al., 2004; Müller et al., 1994b). On the other hand, 
glucose intolerance has been found to be related to the prognosis of patients with 
cirrhosis, also in a multivariate analysis (Nishida et al., 2006). Glucose intolerance 
seems to be due to several factors: a decrease in meal-induced insulin secretion 
(Marchesini et al., 1985), a higher meal-induced systemic appearance of glucose 
(Kruszynska et al., 1993), and a decreased peripheral glucose utilization (Proietto 
et al., 1980). The decreased peripheral utilization is reflected in decreased glucose 
membrane transport and decreased nonoxidative glucose disposal, that is, glycogen 
synthesis (Selberg et al., 1993). Insulin-induced glucose oxidation (4–5 g/kg/day) is 

TABLE 22.1
Features of End-Stage Liver Disease
Failing liver function leads to Fatigue. The liver supports all other organs in the body by modifying 

the nutrients absorbed to the requirements of other organs, by storing 
glycogen to later starvation periods, by synthesizing a large number of 
plasma proteins with essential functions, by producing hormones (e.g., 
insulin-like growth factor 1) and metabolic intermediates (e.g., for 
synthesis of creatine, glutathione, and vitamin D).

  The liver also plays a vital role in elimination of drugs and other 
potentially toxic substances that enter the body.

  Failure of all these functions probably contributes to the fatigue. 

Bleeding episodes due to failing production of coagulation factors in the 
liver

Malnutrition (see this chapter)

Portal hypertension leads to Ascites, which is plasma fluid trapped in the peritoneum of the 
abdomen because of the high pressure in the portal vein.

Varices are distended veins in the esophagus through which the blood 
bypasses the portal vein to return to the heart. These veins may rupture 
causing fatal bleeding episodes.

Encephalopathy is a particular mental disturbance characterized by 
fluctuations in orientation and memory. It is believed to be mainly 
caused by metabolites from nutrients and intestinal (bacterial) products 
that bypass the usual elimination by the liver.

Note:	 Most features are due to the failing liver function and shrinkage of the liver, which causes blood 
from the intestines (splanchnic area) to bypass the liver and portal hypertension.
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not decreased (Petrides et al., 1994). Total glucose turnover reaches a maximum of 
5–6 g glucose/kg/day (Selberg et al., 1993).

22.2.1.1 � Practical Applications
Glucose should not be given in doses larger than 5–6 g glucose/kg/day. Blood glu-
cose should be monitored closely.

22.2.2 �L ipid Metabolism

Intestinal fat absorption may be reduced in patients with cirrhosis, especially in 
patients with cholestatic syndromes (Kestell and Lee, 1993). Without clinically obvi-
ous cholestasis, fecal energy content, or fecal fat, is usually not increased (Cabre et 
al., 2005; Nielsen et al. 1995).

Patients with cirrhosis have an elevated rate of fat oxidation after an overnight 
fast, similar to that seen in healthy volunteers after a 3-day fast. This is associated 
with a decrease in glucose oxidation. This increase in fat oxidation was explained as 
a more rapid switch to a prolonged fasting pattern because of low hepatic glycogen 
stores (Owen et al., 1981). In agreement with this, the rate of fat oxidation normal-
izes after 1 month’s refeeding (Campillo et al., 1995). The rate of ketogenesis was 
also decreased, despite increased levels of plasma free fatty acids, probably second-
ary to the decreased liver function (Owen et al., 1981). When infusing a long-chain 
triglyceride (LCT) emulsion intravenously, fat oxidation, plasma free fatty acids, and 
plasma triglycerides were the same in patients with cirrhosis as in controls, whereas 
the increase in ketone bodies was less in the patients. This indicates that whole-body 
removal of exogenously administered LCT is unaltered in cirrhosis and supports the 
notion that hepatic ketogenesis is reduced (Müller et al., 1992).

A study of oral fat intake (Cabre et al., 2005) showed that patients with cirrhosis, 
as compared with healthy controls, accumulate less fat in chylomicrons and very low 
density lipoprotein postprandially and exhibit a more rapid rise in plasma free fatty 
acids. These changes were more pronounced in patients with ascites (portal hyper-
tension). The results were interpreted as indicating that fatty acids derived from fat 
in food are absorbed via the portal route to a higher degree in patients with cirrhosis. 
Lipid oxidation saturates at a fat intake of about 1 g/kg/day and the surplus of lipids 
is metabolized by storage as triglyceride (Müller et al., 1992).

22.2.2.1 � Practical Applications
Lipids should not be given in doses larger than 1 g/kg/day. Larger doses lead to stor-
age as triglyceride.

22.2.3 �E nergy

Most studies on energy expenditure in cirrhosis found a normal mean resting energy 
expenditure (REE) in groups of patients, as compared with predictions of REE by 
standard equations, such as the Harris-Benedict equation (Müller et al., 1994a). The 
Harris-Benedict equation gives reliable results in groups of patients when applying 
actual body weight, and also in patients with ascites (Dolz et al., 1991; Müller et al., 
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1994a). Measurements of REE before and after removal of several liters of ascites 
by paracentesis both agreed with the Harris-Benedict equation when applying the 
actual body weights before and after paracentesis (Dolz et al., 1991). This result sug-
gests that ascites is not simply a volume of water, but a fluid compartment with its 
own energy requirements.

However, there is a larger variance in measured REE among patients with cir-
rhosis, as compared with healthy individuals, since more than 50% of the patients are 
outside the ±10% prediction range. Both hypermetabolism and hypometabolism exist 
(Müller et al., 1994a). In one large study of 473 patients, the average REE was found 
to be normal, as compared with values predicted by the Harris-Benedict equation, but 
34% of the patients had an REE of > 120% of the expected value. In these hypermeta-
bolic patients, total body potassium was lower, suggesting an association between 
increased REE and malnutrition, at least in some patients (Müller et al., 1999). The 
Harris-Benedict equation can therefore be used as a first clinical approximation, but to 
identify the high number of outliers, it is recommended to use indirect calorimetry.

Both exercise-induced increase in oxygen uptake (Riggio et al., 2003) and diet-
induced energy expenditure (Müller et al., 1993) are within normal range in patients 
with cirrhosis.

REE was compared between well-nourished and malnourished cirrhotic patients, 
and it was observed that REE was lower in absolute terms in malnourished patients, 
that energy expenditure associated with physical activity was equal in the two 
groups, and that both groups were in energy balance (Riggio et al., 2003). Only 2 of 
50 cirrhotic patients were hypermetabolic in that study. This study concluded that 
the state of malnutrition is not associated with a negative energy balance, confirming 
a similar previous study in malnourished cirrhotic patients (Nielsen et al. 1993). In 
both studies (Nielsen et al., 1993; Riggio et al., 2003), REE and dietary intake were 
decreased in proportion to body size, and both REE and dietary intake were lower 
than those observed in the healthy population. In addition, energy expenditure asso-
ciated with physical activity, as calculated from a 24-hour activity factor, is lower 
in patients with cirrhosis when compared with the healthy population (Nielsen et 
al., 1993). Therefore, hypermetabolism may contribute to the development of mal-
nutrition, but when the state of malnutrition is reached, it appears that a new steady 
state usually is reached, that is, that REE, mainly determined by lean body mass, 
is adequate for the new condition and that total energy expenditure is adequate for 
the low physical activity. The cause may be that energy intake is limited because of 
anorexia and the patients adapt by loss of lean body mass and decreased physical 
activity (see Section 22.5).

In controlled studies showing an improvement of clinical outcome, an average of 
about 40 kcal/kg/day was given (Kondrup and Müller, 1997). In a 6-week refeeding 
study involving an ordinary diet in patients with cirrhosis, a mean time averaged 
intake of about 40 kcal/kg/day allowed for synthesis of lean body mass and fat mass 
at rates similar to those of malnourished individuals without organ disease (Kondrup 
and Nielsen 1996; Nielsen et al., 1995). At the end of the refeeding study, energy 
intake was about 45 kcal/kg/day, and therefore, in a nutrition plan aiming at reple-
tion, energy intake should be 40–50 kcal/kg/day. The enteral guideline from the 
ESPEN recommends an energy intake of 35–40 kcal/kg/day (Plauth et al., 2006).
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22.2.3.1 � Practical Applications
Energy requirements for maintenance of body weight in patients with cirrhosis can 
be estimated by the Harris-Benedict equation, allowing for physical activity, for 
example, by the use of a 24-hour activity factor.

In malnourished patients needing nutritional support because of inadequate 
intake, for example, due to intercurrent complications, 35–40 kcal/kg/day should 
be administered. Actual body weight including ascites is used for this calculation 
(Figure 22.1).

In clinically stable malnourished patients for whom the aim is repletion, 40–50 
kcal/kg/day should be administered.

There are no specific guidelines for the energy distribution of the macronutrients. 
For the healthy population, 30 energy% fat and 55 energy% carbohydrate is recom-
mended. With 40 kcal/kg/day, this would equal to about 1.3 g/kg fat and 5.4 g/kg 
carbohydrate per day, not far from the limits given above.

22.3 �Ami no Acid and Protein Metabolism

In the fasting state, the plasma amino acid composition in patients with cirrhosis is 
characterized by an increase in aromatic amino acids and a decrease in branched-
chain amino acids (BCAAs) (Clemmesen et al., 2000; Rosen et al., 1978). Increase 
in aromatic amino acids may be due to a reduced hepatic capacity for their elimina-
tion, and decrease in BCAAs may reflect their increased use for removal of ammonia 
(Hayashi et al., 1981).

Protein requirement is increased in clinically stable patients with cirrhosis, to an 
average requirement of about 0.8 g/kg/day. With the customary addition of 2 standard 
deviations, this gives a recommended intake of about 1.2 g/kg/day (Kondrup and 
Nielsen, 1996; Nielsen et al., 1995; Swart et al., 1989a). Much research has been car-
ried out to explain the increased requirement. Protein requirement can be increased 
due to (1) decreased absorption/increased intestinal protein loss, (2) decreased syn-
thesis of body protein, (3) increased degradation of body protein, or (4) increased 
hepatic urea production with increased urinary nitrogen excretion.

MonitoringNutrition plan

Requirements for
energy and protein

Mode of feeding
Plan for monitoring

Indication

Malnutrition
Risk of malnutrition

Complication leading
to inadequate intake

Intake

P-glucose

Clinical signs
of encephalopathy

FIGURE 22.1  Structured process for nutritional support in end-stage liver disease. The 
structured process of nutritional support includes identifying the patients who will bene-
fit clinically, working out a nutrition plan, and the monitoring scheme. See text for further 
details. (After Kondrup, J., Allison, S. P., Elia, M., Vellas, B., and Plauth, M., Clin Nutr 22, 
415–421, 2003.)
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Protein is generally not malabsorbed in patients with cirrhosis (Kondrup et al., 
1997; Mueller et al., 1983). However, in patients given lactulose, fecal mass and 
nitrogen increase, probably due to bacterial proliferation, leading to apparent malab-
sorption (Mueller et al., 1983). Accordingly, cirrhotic patients given a high-fiber veg-
etable diet have an increased fecal bacterial nitrogen excretion (Weber et al., 1985). 
In the studies mentioned above, which demonstrated increased protein requirements, 
there was no increase in fecal nitrogen excretion.

Investigations with stable isotopes suggested that a single meal does not increase 
whole-body protein synthesis in patients with cirrhosis, as compared with the 
increase seen in healthy volunteers. This defect was suggested to be due to the insu-
lin insensitivity also observed in that study (Tessari et al., 2002).

Other studies with stable isotopes indicated that there is an increased rate of 
endogenous protein degradation both in the fasting state (Swart et al., 1988) and in 
the diurnal fasting and fed states (Kondrup et al., 1997). The increase in breakdown 
of body protein in the latter study was associated with a rise in the level of plasma 
amino acids, suggesting that the primary event is increased protein breakdown, lead-
ing to increased plasma levels of amino acids and secondarily to increased urea 
formation and urinary nitrogen loss. The increased degradation of protein in the 
fasting state (Swart et al., 1988) may be due to low glycogen reserves, prompting an 
early switch to gluconeogenesis from amino acids derived from body protein stores 
(Owen et al., 1981). Preliminary data suggest that the increased protein breakdown in 
the diurnal fasting and fed states (Kondrup et al., 1997) may be due to a relative lack 
of BCAAs, for example, caused by increased consumption for removal of ammonia 
(Hayashi et al., 1981; Kondrup, 2000).

Taken together, these studies suggest that the increased protein requirement is 
attributable to both a defect in meal-induced protein synthesis due to insulin insensi-
tivity and increased protein degradation during feeding as well as fasting due to low 
energy stores and altered metabolism of BCAAs.

Stable malnourished patients with cirrhosis are in nitrogen balance at a protein 
intake (per person) that is lower than that of the healthy population, suggesting that 
they have reached a steady state with decreased lean body mass with the low intake 
(Nielsen et al., 1995). In the 6-week refeeding study mentioned above, the mean time 
averaged protein intake was 1.5 g/kg/day (Nielsen et al., 1995), and at the end of the 
refeeding period, protein intake was 1.8 g/kg/day, and therefore, in a nutrition plan 
aiming at repletion, protein intake should be 1.5–1.8 g/kg/day (Table 22.2).

TABLE 22.2
Macronutrient Recommendations for Weight Maintenance or Repletion in 
Patients with Cirrhosis

Maintenance Repletion

Carbohydrate (g/kg/day) 5.0 6.0

Lipids (g/kg/day) 1.0 1.5

Protein (g/kg/day) 1.2 1.5–1.8

Energy (kcal/kg/day) 35 45
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In situations when acute exacerbations further decrease the intake (e.g., due to 
infections, tense ascites, bleeding, or encephalopathic episodes), the possible increase 
in REE and further increase in protein requirement will, of course, rapidly aggravate 
the nutritional status.

The guidelines from ESPEN recommend a protein intake of 1.2–1.5 g/kg/day 
(Plauth et al., 2006).

22.3.1 �P rotein Intolerance

It was commonly believed that hepatic encephalopathy (HE) develops after excess 
protein intake. The frequency of protein intolerance relative to other causes of HE, 
such as fluid and electrolyte disturbances, or infections, has, however, never been 
documented in series of patients with HE. It is likely that protein intolerance does 
exist as rare cases at spontaneous protein intake (Horst et al., 1984), but it is a mis-
take to believe that protein restriction should be a routine part of the treatment (see 
further below). In the literature analysis mentioned above (Kondrup and Müller, 
1997), there was no indication that an adequate dietary intake, including protein, 
aggravated existing HE.

The ESPEN guideline (Plauth et al., 2006) states that in malnourished patients 
who have an inadequate dietary intake and are at risk for fatal complications, low-
grade HE (grades I–II) should not be considered a contraindication to nutrition 
support, including an adequate protein supply. This is supported by an intervention 
trial of tube feeding (Cordoba et al., 2004) in which malnourished encephalopathic 
patients in stages 1–4, median stage 2, were randomized to a gradual increase in 
protein intake or to an adequate protein intake, 1.2 g/kg/day, from day 1. All patients 
received standard therapy for HE (lactulose followed by neomycin). Outcome of HE 
and mortality was identical in both groups. The adequate protein group had a posi-
tive nitrogen balance from day 2, and plasma ammonia at the end of the study was 
similar in both groups. This study clearly shows that no harm is done when treating 
malnourished encephalopathic patients with adequate amounts of protein. This new 
approach with adequate protein feeding in HE has received considerable support 
(Mullen and Dasarathy, 2004; Shawcross and Jalan, 2005) and replaces earlier pro-
tein restriction and iatrogenic malnutrition in patients who, in fact, have increased 
protein requirements.

Nevertheless, protein intolerance may develop in a few patients during refeed-
ing with a high protein diet (Nielsen et al., 1995). It is recommended to follow the 
patients closely with respect to clinical signs of HE and by simple HE tests such as 
number connection test or a test of continuous reaction time (Nielsen et al., 1995). 
If symptoms of HE appear, it is recommended to ascertain that the patient has not 
become obstipated, to reduce protein intake for a couple of days only, or to use a 
supplement with BCAAs.

22.3.2 � Branched Chain Amino Acids

BCAAs are investigated as nutritional supplement to improve nutritional status and 
clinical outcome and/or to ameliorate HE.
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For recent reviews of the nutritional effects, see Bianchi et al. (2005). A recent 
multicenter 1-year trial among 174 not-malnourished and not-encephalopathic cir-
rhotic patients (Marchesini et al., 2003) showed that BCAA reduced the rate of death, 
the further severe progression of liver disease, and the rate of hospital admission, as 
well as improved appetite rating and quality of life. Another recent study lasting 
for 2 years among 646 patients, included because of hypoalbuminemia and/or the 
presence of ascites, peripheral edema, or HE, showed that BCAA improved event-
free survival (death by any cause, development of liver cancer, rupture of esopha-
geal varices, or progress of hepatic failure) and quality of life (Muto et al., 2005). 
It therefore appears from recent large studies that BCAA is able to improve clinical 
outcome. The mechanism may be that one of the BCAAs, leucine, appears to have a 
special anabolic role as a coregulator of the rate of protein breakdown and, in experi-
mental animals, also of the rate of protein synthesis (Garlick, 2005).

BCAAs have also been investigated as a treatment of HE, in order to reduce 
brain uptake of tryptophan (Bianchi et al., 2005). In a meta-analysis of studies using 
BCAA for treatment of HE, BCAA was significantly effective when all studies were 
included. However, when low-quality studies (unknown randomization method, 
unknown blinding) were excluded, only a few studies remained in the analysis, and 
the effect on HE was not statistically significant (Als-Nielsen et al., 2003).

One of the first studies to use BCAA was carried out in patients who were protein-
intolerant, that is, tolerating less than 40 g of protein. They were randomized to 
increase their protein intake to 70 g, either in the form of casein or with a BCAA 
supplement (Horst et al., 1984). When HE worsened, it was considered a treatment 
failure and the patient was withdrawn from the study. Seven out of 12 patients in the 
casein group experienced worsening HE, but only 1 out of 14 in the BCAA group 
had worsening HE. This study combines the two potential uses of BCAA: (1) as 
nutritional treatment and (2) as prevention of HE in malnourished patients who can-
not be refed because of protein intolerance.

22.3.3 �P ractical Applications

It is recommended to administer 1.2 g/kg protein per day to patients with cirrho-
sis because of their increased protein requirements. Actual body weight including 
ascites is used for this calculation. With 40 kcal/kg/day, this will equal 12 energy%, 
not far from the level of intake in the healthy population. The development of HE 
in rare cases should be discovered by clinical observation and/or an objective mea-
surement such as a test of continuous reaction time. In protein-intolerant patients, it 
is recommended to give a supplement of BCAA. The use of BCAA as an anabolic 
agent is gaining support from recent controlled intervention trials.

22.4 �Vi tamins and Minerals

Patients with liver cirrhosis often have low plasma levels of vitamins and minerals, 
but the specific functional or clinical implications of these abnormalities are not 
known in detail. Thiamine deficiency is known to be common in alcoholic cirrhosis 
and found equally frequently in hepatitis C virus–related cirrhosis (Levy et al., 2002).  
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It was therefore recommended that all patients with cirrhosis should receive thia-
mine. Deficiency of fat-soluble vitamins is observed in patients with steatorrhea due 
to cholestasis and bile salt deficiency, and in alcohol abusers (Plauth et al., 1997).

Magnesium depletion is common in end-stage liver disease (Koivisto et al., 2002). 
Zinc deficiency is also common and seems to be caused by decreased absorption 
as well as a diuretic-induced increase in urinary excretion (Yoshida et al., 2001). 
Supplementation with zinc improves glucose tolerance (Marchesini et al., 1998).

22.4.1 �P ractical Applications

To cover any possible deficiency it is advised to prescribe a standard vitamin/mineral 
tablet (Plauth et al., 1997).

22.5 �A norexia

Many studies have shown that patients with cirrhosis have a low dietary intake and 
also that the low dietary intake is associated with impaired clinical outcome (Campillo 
et al., 2003). Liver disease may impair food intake, for example, by reduced clear-
ance of satiation mediators such as cholecystokinin or by splanchnic production of 
cytokines, which impair hypothalamic appetite stimulation (Davidson et al., 1999). 
In addition, the mechanical effect of ascites and intestinal edema may play a role.

As mentioned above, the dietary intake of malnourished patients with cirrhosis 
matches their energy expenditure and protein requirements (Nielsen et al., 1993; 
Riggio et al., 2003), that is, they do not show spontaneous compensatory excess 
intake to ensure weight gain. Young healthy individuals increase their intake in 
excess of their expenditure after an experimental weight loss, resulting in weight 
gain (Roberts et al., 1994), whereas elderly did not increase their intake and did not 
regain weight. The biochemical basis of this abnormality in the elderly may be inad-
equate secretion of ghrelin (Schneider et al., 2008). In malnourished patients with 
cirrhosis, there is an increased level of ghrelin, but perhaps not sufficient to increase 
food intake enough to ensure weight gain (Kalaitzakis et al., 2007). Few studies have 
tested ways of improving appetite and intake. A supplement with BCAA did improve 
appetite ratings in patients with cirrhosis (Marchesini et al., 2003).

22.6 � Meal Pattern

After an overnight fast, splanchnic metabolism in patients with cirrhosis was similar 
to that in healthy volunteers after a 3-day fast. In particular, gluconeogenesis from 
peripherally derived amino acids was substantially increased (Owen et al., 1981). 
Nitrogen balance can be improved by splitting the daily protein intake between four 
and six meals rather than the usual three meals (Swart et al., 1989b) or by adminis-
tering a late evening oral dose of glucose (Zillikens et al., 1993).

22.6.1 �P ractical Applications

It is important to reduce the length of the evening and nighttime periods of starvation 
in patients with cirrhosis.
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22.7 �S ummary Points

Patients with cirrhosis often exhibit inadequate dietary intake.·	
Controlled trials show improved clinical outcome, including increased sur-·	
vival, with nutritional support.
In malnourished patients needing nutritional support because of inadequate ·	
intake, for example, due to intercurrent complications, 35–40 kcal/kg/day 
should be administered.
In clinically stable malnourished patients for whom the aim is repletion, ·	
40–50 kcal/kg/day should be administered.
Because of insulin insensitivity, glucose should not be given in doses larger ·	
than 5–6 g glucose/kg/day.
Because of increased protein requirements, protein should be given in doses ·	
of 1.2–1.8 g/kg protein per day.
Actual body weight including ascites is used for these calculations.·	
The development of HE in rare cases should be discovered by clinical ·	
observation and/or an objective measurement such as a test of continuous 
reaction time.
A standard vitamin/mineral tablet should be prescribed.·	
The length of starvation during the evening and nighttime should be reduced ·	
in patients with cirrhosis.
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23.1 � Introduction

Orthotopic liver transplantation (OLT) is a life-saving procedure for selected patients 
with end-stage liver disease (ESLD) and acute failure. In Spain, 8269 patients under-
went OLT in the period 2000–2007, more than 700 of them in our unit. The main 
indications for OLT were cirrhosis of any etiology (59%), hepatic neoplasm (21%), 
chronic rejection in previous OLT (6%), and fulminant hepatic failure (3%) (Figure 
23.1) [1]. The nutritional and metabolic derangements of candidates to OLT occurred 
before the surgical procedure, and malnutrition is common in patients with advanced 
liver disease. As far as the disease progresses, protein and caloric malnutrition is 
an established feature that increases the postoperative morbidity of these patients 
[2,3]. The interval between listing and transplantation, usually many months, pro-
vides a therapeutic window to institute nutritional management before the surgical 
procedure. Once it is performed, the liver transplantation recipient has a metabolic 
stress response similar to other major surgical procedures. The risk of nosocomial 
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infections related to immunosuppression or the secondary effects of these drugs 
enhance the need for establishing a nutritional program after transplantation. We can 
distinguish three different periods: (1) pretransplantation nutrition assessment and 
nutritional intervention; (2) acute postsurgical situation, where nutritional support is 
needed; and (3) follow-up period after recovery from the procedure when nutritional 
counseling and prevention of complications relating to immunosuppression are the 
recommended mode of the nutritional support.

23.2 �N utritional Assessment and Intervention in 
Patients Eligible for Liver Transplantation

Protein energy malnutrition (PEM) is common in patients with ESLD and is highly 
prevalent in all forms of chronic liver disease, regardless of etiology, and increases 
the risk of death. Malnutrition correlates with the degree of liver dysfunction and 
the etiology of the disease. The incidence of malnutrition is higher in patients with 
alcoholic liver disease compared with those with nonalcoholic cirrhosis, and patients 
with acute liver failure have better nutritional status than patients with ESLD [4]. 
Between 20% and 50% of patients undergoing liver transplantation have moderate 
degrees of malnutrition, and 3–25% of them show severe malnutrition, depending 
on the different selection criteria for transplantation [5]. Patients with cirrhosis who 
are malnourished have higher rates of encephalopathy, infection, variceal bleeding 
or refractory ascites, and death [6]. Indeed, malnutrition has significant implications 
for liver transplantation because it has been shown that patients with poor nutri-
tional status before transplantation have increased complications postoperatively, 

Tumors, 23%

Chronic rejection,
6%

Cholestasis, 5%

Acute liver failure,
4%

Acute rejection, 3%

Other causes, 3%

Nonbiliary cirrhosis,
57%

FIGURE 23.1  Primary diagnosis of patients waiting for orthotopic liver transplantation 
(OLT) in Spain, 2007. The main indication for OLT was cirrhosis and the next one was 
tumors. Note that rejection was the third reason for transplantation.
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particularly infections and variceal bleeding, shorter graft survival, and higher mor-
tality rates [7].

In patients with advanced liver disease, major causes of malnutrition include 
anorexia, disease-related complications, and main nutrient-related metabolic changes 
(Table 23.1). The primary etiology of malnutrition in ESLD is poor oral intake due to 
different factors. Dietary restrictions are commonly recommended to these patients, 
and oral intake is discouraged. Mechanical compression secondary to massive ascites 
promotes early satiety, and frequently, these patients show high levels of leptin and 
proinflammatory cytokines that have an anorexic effect [8]. Moreover, the pres-
ence of low grades of encephalopathy, muscular weakness, and fatigue discourage 
oral intake. Patients with cholestatic disease usually present more caloric depletion 
and deficiency in fat-soluble vitamins secondary to malabsorption. Other metabolic  
disturbances can contribute to malnutrition in patients with ESLD. These patients 
show metabolic derangements including increased energy expenditure, insulin resis-
tance, and low respiratory quotient, indicating reduced glucose and increased lipid 
oxidation that may also contribute to nutritional depletion in the early stages of the 
disease [9].

TABLE 23.1
Etiology of Malnutrition in Patients Waiting for Orthotopic Liver 
Transplantation
Decreased oral intake

  Dietary restrictions

  Mechanical compression secondary to ascites

  Encephalopathy

  Upper gastrointestinal bleeding

  Muscular weakness and fatigue

Metabolic derangements

  Increased energy expenditure

  Decreased protein synthesis

  Insulin resistance

  Increased lipid oxidation

Malabsortion

  Cholestasis

  Portal hypertension enteropathy

  Pancreatic insufficiency

Drugs

  Steroids

  Lactulose

  Neomycin

Recurrent infections

Note:	 Key factors involved in the development of malnutrition in patients with end-stage liver disease. 
Recurrent infections increase the risk of malnutrition because patients increase their metabolism 
rate and can decrease caloric intake.
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Up to 30% of these patients develop overt diabetes mellitus and insulin resistance 
and become catabolic during overnight fasting, and exacerbated muscle catabolism 
is also observed [10]. Lipid metabolism alters if malabsorption occurs and the liver 
functions deteriorate. Moreover, essential fatty acids deficiency has been associated 
with severity of the liver disease and malnutrition [11]. Increased protein catabolism 
is a hallmark in these patients and, as far as the disease progresses, protein deficiency 
worsens. There is an imbalance between branched-chain amino acids (BCAAs) and 
aromatic amino acids, which is difficult to control at the final stages of the disease 
without protein restriction, but with an increased risk of protein malnutrition.

23.2.1 �N utritional Assessment

The presence of malnutrition in cirrhosis is obvious in patients with an advanced stage 
of the disease who are markedly cachectic. However, because PEM may occur early 
in the course of the disease, the diagnosis of malnutrition should be established by a 
combination of different methods: medical history, anthropometric measurements, 
biochemical parameters, and body composition. Unfortunately, most of the clinical 
parameters used are modified by the disease itself and there is no gold standard for 
the nutritional assessment of patients with ESLD [12]. However, such technical limi-
tations do not justify the omission of nutritional assessment in patients eligible for 
liver transplantation. Following the recommendations of the European Society for 
Clinical Nutrition and Metabolism’s (ESPEN) Guidelines for Nutrition Screening, 
it is our practice to perform nutritional screening tests for the initial assessment 
of a patient’s nutritional status, even when they are not specifically indicated for 
advanced chronic liver disease [13]. Subjective global assessment (SGA) combines 
different parameters such as weight loss, changes in dietary intake, and changes in 
the physical examination, and is easy to perform [14]. Moreover, when it is used in 
combination with other anthropometric measures, SGA has a reasonable specific-
ity and is a reliable tool in evaluating the nutritional status of liver transplantation 
patients [15]. The use of anthropometric measurements such as body weight, triceps 
skin-fold thickness, and mid-arm muscle circumference in patients has been discour-
aging because most patients with edema ascites have rendered these tests unreliable. 
Most useful is the assessment of muscle function using the handgrip strength and 
respiratory muscle strength taken serially. Handgrip strength is highly sensitive and 
can overestimate the degree of malnutrition but is a good predictor of complica-
tions in ESLD patients before transplantation and seems to be better than SGA in 
assessing the outcome of patients with cirrhosis [16]. Other study has shown that 
the combined criteria of handgrip strength of less than 30 kg and mid-arm muscle 
circumference of less than 23 cm have a sensitivity of 94% and a negative predictive 
value of 97% in identifying patients with depleted body cell mass [7].

Most of the laboratory tests used for nutritional assessment are commonly altered 
in patients with ESLD. Anemia, hypoalbuminemia, high bilirubin, low lymphocyte 
count, thrombocytopenia, or prolonged prothrombin time is more of an indication 
of the severity of the liver disease rather than the degree of malnutrition. In any 
case, iron, zinc, and vitamin deficiency should be ruled out. Most interesting is the 
assessment of body mass composition (BMC) to estimate the nutritional status. 



Nutrition in Adult Liver Transplantation	 355

Dual-energy x-ray absorptiometry provides an accurate measurement of total body 
bone mineral, fat, and fat-free soft tissue mass. Although use of this method has been 
reported in some patients with cirrhosis, usually used in combination with other 
methods, its accuracy in patients with water and salt imbalance remains to be estab-
lished [7]. Bioelectrical impedance analysis is another method to estimate BMC. 
It measures the difference between the electrical conduction through fat tissue and 
water. The accuracy of a bioimpedance analysis depends on the applicability of the 
regression equation relating current resistance through the body to body composition 
parameters and can be inaccurate when patients retain water, particularly ascites. 
Despite this, some groups advocate its usefulness in the assessment of patients with 
advanced liver disease [18].

23.2.2 �P retransplant Nutritional Support

Patients manifesting malnutrition at the time when they are to be included in the 
transplantation list and patients at risk should receive a nutritional intervention. The 
aim of nutritional support is to preserve lean body mass, immune function, and liver 
metabolism; prevent further nutritional depletion; and improve outcome after OLT. 
First, patients well nourished or with mild degree of malnutrition must receive nutri-
tional counseling alone or in combination with oral nutritional supplements if they 
are unable to achieve their energy requirements. Caloric restriction is not indicated 
unless the patient is stable and suffers from obesity due to inactivity and continued 
oral intake. Stable patients should have normal protein intake in the range 1.2–1.5 
g/kg/day. Until recently, it remained unclear whether a formula enriched in BCAAs 
is superior to a standard whole protein formula; even in patients with a mild degree 
of encephalopathy, long-term nutritional supplementation with oral BCAA granulate 
as oral supplement seems to be useful in slowing down the progression of hepatic 
failure and prolonging event-free survival [19–20]. In addition, vitamins and other 
supplements should be administered to patients waiting for OLT.

The decision to start specialized nutritional support is based on clinical judgment 
and objective nutritional parameters. Patients with moderate to severe malnutrition, 
as assessed by the SGA method, and unable to achieve their caloric requirements 
should receive artificial nutrition immediately. The primary endpoint of nutritional 
support in these patients is to improve protein-caloric malnutrition and correct nutri-
tional deficiencies. Nevertheless, OLT should not be delayed to allow additional 
nutritional replacement. Energy requirements in these patients considerably vary 
according their clinical status and the method of assessment.

The ESPEN guidelines recommend 35–40 kcal/kg/day for patients with liver cir-
rhosis [21], but it seems to be excessive when compared with measurements per-
formed with indirect calorimetry studies or estimates of resting energy expenditure 
using the Harris-Benedict equation. Our approach is to give no more than 20–25 
kcal/kg/day to avoid overfeeding and complications relating to hyperglycemia 
such as infectious complications. Providing substrates significantly exceeding the 
energy expenditure with the goal of achieving an unattainable anabolic state will 
be more harmful than beneficial. Protein requirements are in the range of 1–1.5 g/
kg/day based on different guidelines [22]. In addition, patients with a mild degree 
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of encephalopathy can tolerate up to 1.2 g/kg/day without any significant deteriora-
tion, and protein restrictions do not affect the outcome [23]. Patients with ESLD 
have diminished glycogen stores and are at risk for developing hypoglycemia, and 
they usually have an exacerbated lipid oxidation; we recommend that the 60–70% of 
nonprotein calories should be given as carbohydrates.

Artificial nutrition should be started when oral intake, with or without supple-
ments, is suboptimal. The enteral route is the preferred choice because it is more 
physiological and cost-effective and the risk of infectious complications is lower. 
Soft feeding tubes are usually well tolerated, easy to place, and do not increase the 
risk of bleeding in the presence of esophageal varices. If the patient cannot tolerate 
gastric feeding, the tube can be placed in the jejunum, but the use of a percutaneous 
gastrostomy or jejunostomy is not recommended because there is an increased risk 
of ascites leakage and peritonitis. Total parenteral nutrition (TPN) should be used 
only when enteral nutrition fails or if the patient has gastrointestinal dysfunction. 
The clinician should be aware of the infectious complications as well as fluid and 
electrolyte shifts when using TPN in these patients. We use TPN only in selected 
cases when ESLD is complicated with spontaneous peritonitis or severe encepha
lopathy or when enteral nutrition is not tolerated (Table 23.2).

Unfortunately, most of the recommendations regarding nutritional support among 
liver transplant candidates are based on expert suggestions rather than prospective, 
randomized clinical trials. Patients with acute liver failure as well as other critically 
ill individuals need nutritional support. In patients with ESLD, available studies sug-
gest an improvement of nutritional variables and a trend of decreased mortality; 
however, sample sizes of most of these studies are small. Furthermore, most of the 
studies have been conducted in patients with ESLD, particularly in patients with 
alcoholic cirrhosis, and may not accurately represent the typical patient waiting for a 
liver transplant. The only randomized trial that addressed this question in this group 

TABLE 23.2
Recommendations for Pretransplant Nutritional Support

Nutrients Recommendations

Energy requirements 1.0–1.2 ´ REE

20–25 kcal/kg/day

Proteins 1–1.5 g/kg/day

Consider the use of BCAAs

Carbohydrates/fat ratio 60:40

Vitamins Consider additional supplements if with alcohol addiction, malabsorption, 
or drugs

Other metabolic issues Correct phosphorus, copper, and manganese deficiencies

Note:	 Nutritional protocol recommended for patients waiting for orthotopic liver transplant that are  
malnourished. REE, resting energy expenditure; BCAAs, branched-chain amino acids.
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of patients did not show any prognostic benefit after the transplantation, probably 
because the sample size was too small to detect significant differences [24].

23.3 �N utritional Support after Liver Transplantation

Liver transplantation is a major surgical procedure usually performed in patients 
with poor nutritional status before transplant who will receive high dose of steroids 
and immunosuppressive drugs. Although this procedure allows resolution of some 
of the metabolic derangements of patients with ESLD, nutritional support and moni-
toring should be maintained for a long period. Surgical stress is the cornerstone of 
metabolic derangements in the first days after transplantation but is rapidly modi-
fied by the effect of immunosuppressive drugs. Another misunderstood factor is the 
metabolic and nutritional status of the donor liver. Once the patient reassumes oral 
intake, the nutritional team should be aware of the nutritional derangements sec-
ondary to the immunosuppressive drugs, and the aim is the prevention of several 
metabolic complications.

23.3.1 �E arly Nutritional Support after Liver Transplantation

Most of the recommendations regarding nutritional support after liver transplanta-
tion are extrapolated from studies conducted on surgical patients, and reports stem-
ming from the experience are few. For undernourished patients, or if it is anticipated 
that oral intake will be inadequate for more than 7 days, artificial nutrition should be 
given. Most patients undergoing a liver transplant can reassume oral intake in the first 
5 days after surgery, and nutritional support should be provided only to malnourished 
patients with complications or delayed oral intake after organ transplant [25].

23.3.1.1 �A cute Energy and Nutritional Requirements after Liver Transplant
Usually, patients are not hypermetabolic unless sepsis develops, and resting energy 
expenditure measured by indirect calorimetry varies from 20% to 30% more than 
the predicted value. Hence, in our practice, we provide 30–35 kcal/kg/day, in agree-
ment with other recommendations [25]. Protein requirements are affected by surgi-
cal stress, surgical losses, use of steroids, and previous nutritional status. Untreated 
patients can show nitrogen urinary losses higher than 200 g in the first week after 
transplantation. For these patients, 1.5–2 g/kg/day is the usual amount of delivered 
proteins to avoid exaggerated catabolism. The new liver should be able to manage 
the increased plasmatic pool of amino acids for gluconeogenesis and acute phase 
proteins synthesis, and protein metabolism is closely linked to an adequate hepatic 
function. If graft failure occurs, amino acid metabolism is impaired and nutritional 
support fails to improve protein catabolism. Furthermore, peripheral oxidation of 
aromatic amino acids promotes the development of encephalopathy. Graft func-
tion can be assessed using sophisticated methods such as branched-chain/aromatic 
amino acid ratio in plasma, but in clinical practice, liver function is assessed using 
conventional tests such as hepatic enzymes and coagulation tests. A mixture of car-
bohydrates and fat should be used to provide energy in a ratio of 70:30 of the nonpro-
tein calories. A limiting factor for the use of glucose is the hyperglycemia secondary 
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to the use of steroids that may necessitate increasing the amount of fat up to 50% of 
the caloric intake (Table 23.3).

23.3.1.2 �T he Donor Liver
There are no specific recommendations published with regard to optimal organ 
donor nutritional support. To avoid preservation and reperfusion injury as much as 
possible, the donor should maintain normothermia, cardiac function, and pulmonary 
gas exchange. Nutritional status of the donor also seems to influence the degree of 
liver dysfunction and primary failure of the graft [26]. Livers obtained from patients 
with prolonged intensive care unit (ICU) length of stay deteriorated more frequently 
as compared with patients with shorter stay. Depletion of nucleotides and glycogen 
stores seems to be one of the main reasons, and it has been confirmed by studies 
that show lesser reperfusion injury when glucose and insulin were infused in the 
portal vein of donor’s liver during organ preservation [27]. Another issue is the pres-
ence of some degree of hepatic steatosis in the donor liver. Usually, livers with more 
than 30% of steatosis are rejected, but grafts with some degree of fat infiltration are 
prone to develop graft failure more frequently. There are no specific interventions to 
treat donors to avoid these phenomena, and there is no standard protocol to nourish 
donors before organ harvest.

23.3.1.3 �N utritional Support after Liver Transplant
Most patients reassume oral diet in the first 5 days after the procedure. Patients are 
extubated in the first 24 hours and proceed to liquid diets within a day or two. The 
primary goal of nutritional support in this period is to give adequate substrates to 

TABLE 23.3
Recommendations of Nutritional Support after Liver Transplantation

Intervention Recommendations

Time and route of feeding Artificial nutrition should start in the first 24 hours

Use the enteral route through nasojejunal tube

Start oral feedings as soon as possible

Limit the use of TPN

Energy requirements 1.3–1.5 ´ REE

25–30 kcal/kg/day

Proteins 1.2–1.5 g/kg/day

Consider the use of arginine and other pharmaconutrients

Carbohydrates/fat ratio 60:40 to 50:50

Tight glycemic control

Vitamin and electrolytes Standard amounts of vitamins

Consider fluid restriction

Note:	 Nutritional protocol recommended for all patients receiving an orthotopic liver transplant. TPN, 
total parenteral nutrition; REE, resting energy expenditure.
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promote recovery from surgical stress and correct nutritional deficiencies. The use of 
TPN has been restricted because of the higher risk of infection and is used only when 
enteral nutrition is impossible. TPN was used initially when it was demonstrated to 
be better than conventional fluid repletion in terms of nitrogen balance, duration of 
mechanical ventilation, and ICU length of stay. Nevertheless, enteral nutrition is the 
method of choice to feed these patients. It has been demonstrated that enteral nutri-
tion is well tolerated and has similar nutritional effect to TPN [28]. Enteral nutrition 
given early after the procedure decreases length of stay and reduces the number of 
viral infections when compared with conventional fluid therapy [29]. A European 
survey has shown that most centers use early enteral nutrition in the first hours after 
the procedure [30]. Nasojejunal tubes or jejunostomies are the preferred route to 
administer feeding whose only limitation is the type of surgery. The surgeon can 
place nasojejunal tubes or surgical tubes to overcome the stomach before finishing 
the surgical procedure. This approach is useful because gastric palsy is the main 
reason of tube feeding intolerance. Biliary anastomosis on a Roux-en-Y jejunal loop 
makes this approach difficult and could delay the use of enteral nutrition for several 
days. Recent reports have extensively reviewed the use of enteral nutrition in liver 
transplant, and there is no doubt about its efficacy and superiority over TPN [25]. 
The latter should be used in patients with a very complicated course that do not tol-
erate enteral feeding. Our practice is to place a nasojejunal tube intraoperatively and 
to start with feedings when the patient is rewarmed and hemodynamically stable, 
usually in the first 12 hours after the procedure. We use full-strength polymeric iso-
osmolal diets starting at 25 mL/h, and infusion rate is increased in the next 24–48 
hours until the caloric goal is achieved. Once the patient is extubated, liquid supple-
ments and oral diet are initiated and enteral nutrition is maintained until the patients 
reassume more than 50% of the caloric requirements by the oral route. We use TPN 
when enteral nutrition is not feasible, following the recommendations published else-
where for patients who underwent major surgical procedures [31,32]. We avoid the 
simultaneous use of TPN and enteral nutrition to avoid overfeeding. It is our practice 
to start TPN early, in the first 24 hours, with 20 kcal/kg/day and 1 g/kg/day of pro-
teins, and increase the infused volume daily until energy requirements are achieved 
in 3–5 days.

Some substrates deserve special interest as pharmaconutrients. Studies on surgi-
cal patients have demonstrated that arginine, fish oil, and nucleotides are beneficial 
in reducing postoperative infectious complications and length of hospital stay, in 
both malnourished and well-nourished patients [33]. One study conducted on liver 
transplant recipients has shown that this type of diet improves nutritional status 
and decreases the number of infectious complications [34]. Nevertheless, European  
recommendations do not support the use of these diets routinely. Probiotics and fiber 
added to enteral nutrition have been also studied and seem to have beneficial effects 
on the outcome but have not been recommended until now [35]. In our practice, we 
routinely use diets containing arginine, omega-3 fatty acids, and nucleotides, but we 
do not use fiber and probiotics.

Hyperglycemia is prevalent in the posttransplant population and theoretically 
may influence infection rates. Surgical patients admitted in the ICU show better 
outcomes when a tight glucose is achieved by insulin perfusion drips [36]. Liver 
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transplant patients who develop an infectious complication during ICU stay show 
higher insulin resistance and increased insulin needs compared with other surgical 
patients. Despite the lack of data, we have implemented an ICU glucose control pro-
tocol with a target level of glycemia, 6.6 and 8.25 mmol/L (Table 23.3).

23.3.2 �L ong-Term Monitoring and Nutritional Support

Once the liver transplant patients reassume oral feeding and leave the hospital, the 
main purpose of nutritional support is prevention. Oral intake should be maximized 
with the addition of supplements or by increasing the number of small meals to avoid 
satiety or vomiting. Complications such as acute rejection, intestinal complications, 
or infections can disturb oral intake, and sometimes enteral nutrition should be reas-
sumed. Several metabolic complications such as diabetes mellitus, hyperlipidemia, 
obesity, metabolic syndrome, and osteoporosis are common after OLT, and increase 
morbidity and mortality [37]. Immunosuppressive drugs are responsible not only for 
infectious complications but also for several metabolic and nutritional derangements. 
Steroids, tracolimus, sirolimus, and cyclosporine produce hyperglycemia and hyper-
lipidemia (Table 23.4). Up to 30% of patients develop new-onset diabetes and this 
increases with the age of the liver transplant recipient and in patients with chronic 
hepatitis C [38]. These patients should be followed up closely in order to achieve tight 
glycemic control and prevent diabetes mellitus–related complications.

Hyperlipidemia and an accelerated form of arteriosclerosis have been also 
described in patients receiving a liver transplant. Of these patients, 43% will develop 
hypercholesterolemia and 38% will develop hypertriglyceridemia within 18 months 
after the procedure. They have an increased risk for the development of coronary dis-
ease when compared with their preoperative cardiovascular risk [39]. Patients should 
receive dietary advice and hypolipidemic drugs such as statins. This group of drugs 
is not free of adverse effects and can increase the risk of malabsorption, fat-soluble 
vitamins, and hepatic dysfunction and should be closely monitored. One important 
consequence of hyperlipidemia is the development of obesity and metabolic syn-
drome. The greatest weight gain appears in the first 6 months and affects between 
60% and 70% of patients. These patients usually have a history of diabetes mellitus, 
hyperlipidemia, hypertension, or arteriosclerosis, but the effect of steroids and other 
immunosuppressive drugs should not be minimized. Patients should be aware of the 
increased cardiovascular risk of obesity and hyperlipidemia and the need to modify 
their nutritional practice because there are identifiable and treatable [40].

Osteoporosis and low bone mineral density following liver transplantation are 
frequently seen. Patients show a wide range of bone loss (between 1.5% and 24%), 
and it is frequently observed within the first 6 months after transplantation. Some 
risk factors exist even before the transplant, such as physical inactivity, lean body 
mass losses, and liver disease by itself [41]. Immunosuppressive drugs accelerate 
this process in the immediate period after the transplant, and the highest incidence 
of fractures appears in the first year in 20–30% of patients [42]. Alendronate has 
been recently tested in an uncontrolled study in order to prevent bone loss in liver 
transplant patients [43].
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TABLE 23.4
Metabolic and Nutritional Derangements of Immunosuppressive Drugs

Drug Mechanism of Action Adverse Effects

Azathioprine Purine synthesis inhibitor Nausea•	

Vomiting•	

Diarrhea•	

Taste changes•	

Pancreatitis•	

Cyclosporine Inhibits lymphokine production 
and interleukin release, and 
reduces function of effector T 
cells

Hyperglycemia•	

Hyperlipidemia•	

Renal toxicity•	

CNS toxicity•	

Hepatic toxicity•	

Hypomagnesemia•	

Vitamin D deficiency•	

Steroids Decrease immune response, 
modify carbohydrate metabolism, 
and increase protein metabolism 

Hyperglycemia•	

Hyperlipidemia•	

Increased metabolic rate•	

Overweight•	

Osteoporosis•	

Pancreatitis•	

Daclizumab Monoclonal antibody to the IL-2 
receptor of T cells that blocks T 
lymphocyte activation 

Nausea•	

Vomiting•	

Mofetil micofenolate Inhibits purine synthesis and 
lymphocyte T and B production

Nausea•	

Vomiting•	

Diarrhea•	

Gastrointestinal hemorrhage•	

Sirolimus Inhibits lymphocytes T and B 
proliferation

Nausea•	

Vomiting•	

Diarrhea•	

Hyperlipidemia•	

Antilymphocytic serum Decreases total lymphocyte count Nausea•	

Vomiting•	

Diarrhea•	

Abdominal pain•	

Tacrolimus Inhibits lymphocytes T and B 
proliferation, and IL-2 synthesis

Nausea•	

Vomiting•	

Diarrhea•	

Hyperglycemia•	

Hypomagnesemia•	

CNS toxicity•	

Note:	 Summary of the adverse effects of immunosuppressive drugs used to prevent rejection after liver 
transplantation. CNS, central nervous system; IL-2, interleukin 2.
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23.4 �S ummary Points

A significant number of patients with ESLD who are candidates for OLT ·	
suffer from malnutrition at the moment of their inclusion in the waiting 
list.
Nutritional assessment and a nutritional plan is a standard of care for these ·	
patients.
SGA and handgrip strength, alone or in combination, are useful tools for ·	
clinical assessment of nutritional status.
Patients with moderate to severe malnutrition should be nourished artifi-·	
cially in the interval between listing and transplantation.
In the first days after the procedure, patients should be fed artificially until ·	
they achieve their energy requirements by the oral route.
The route of choice for artificial feeding must be the enteral one. TPN ·	
should be reserved for complicated cases. Overfeeding should be avoided.
The nutritional team should be aware of the adverse effects of immunosup-·	
pressive drugs. Nutritional counseling and dietary intervention are neces-
sary to prevent overweight and metabolic syndrome.
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