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Preface to ”Nutrition and Liver Disease”

Malnutrition in children and adults with end-stage liver disease is a challenging issue due to

its multifactorial nature, which includes hypermetabolism, increased energy needs, malabsorption,

and anorexia. Despite advances in both assessment and management of malnutrition, an adequate

nutritional support is often limited in these patients. The complicated underlying metabolic scenario

finally leads to catabolism and loss of skeletal muscular mass (SMM). The subsequent sarcopenia affects

quality of life and clinical outcome: strict interdependence exists between the prevention of depletion

of SMM, the early diagnosis of and curative therapy for hepatocellular carcinoma, the preservation

of liver functional reserve, and improved liver disease outcomes. Moreover, sarcopenia impacts on

growth and psycomotor development in children. As a consequence, a correct SMM assessment plays

a central role and the pros and cons of different techniques, including bioelectric impedance analysis

(BIA) or imaging, have to be considered. Hand-grip dynamometry, an easy-to-measure and sensitive

technique, appears to be a promising marker for depletion of SMM in hepatopatic patients.

Strategies of nutritional intervention should consider the fine line between the need for a

hypercaloric diet rich in proteins and the risk of hepatic encephalopathy and hyperammonemia in

sarcopenic, chronically malnourished patients with end-stage liver disease. A global clinical and

nutritional assessment represents the starting point of targeted nutritional intervention. Again,

different approaches have been investigated in adults and children who are candidates for liver

transplantation. In these patients, nutrient supplementation including synbiotics, micronutrients,

branched-chain amino acids, and immunonutrients have been considered for both adult and pediatric

patients.

Nutritional management is mandatory in certain inherited metabolic/genetic defects. In these

patients, specific dietary restrictions/supplementations represent a challenge for pediatricians and for

adult hepatologists at the time of transition of care, to guarantee liver health along with optimal growth

and brain development. A dietician familiar with metabolic disorders is often needed on the team that

is caring for these patients. Dietary intervention is an evolving and increasingly used therapy also for

the novel group of Congenital Disorders of Glycosylation (CDG). Monosaccharide supplements are

increasingly being evaluated in trials for a number of subtypes of CDG. Monosaccharides, in fact, have

relatively high safety, especially compared to experimental drugs, and are easy to administer. Very

recent data are presented regarding nutritional therapy, by evaluating many of the different options

that have somehow been associated with a positive effect on liver function in CDG.

A number of liver diseases driven by primary nutritional/intestinal tract diseases (e.g.,

inflammatory bowel disease, celiac disease, cystic fibrosis, alcoholic steatohepatitis, non-alcoholic

steatohepatitis, parenteral nutrition-associated liver disease), are now included under the umbrella

term “gut–liver axis dysfunction”. One of the prominent factors of pathogenesis appears to be

increased permeability of the intestinal barrier, which facilitates translocation of bacterial toxins

and microorganisms into the portal circulation, mesenteric lymph nodes, and liver, and the overall

proinflammatory status of the compromised intestine. Nutritional strategies that focus on improving

the composition of the microbiota are attractive areas of investigation. A nutraceutical approach,

which investigated hepatoprotective effects of specific nutrients has also been proposed, mainly in

obesity-related liver disease and alcoholic liver disease.
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In conclusion, to improve quality of life and prevent nutrition-related medical complications,

patients diagnosed with advanced liver disease should have their nutritional status promptly assessed

and be supported by appropriate dietary interventions. Furthermore, a dietary approach that

uses specific food supplements and/or restriction diets is often necessary for patients with hepatic

conditions associated with an underlying metabolic, nutritional or intestinal disease, due to the

hepatoprotective, and/or anti-oxidant, and/or anti-inflammatory effects of these measures.

 Pietro Vajro, Claudia Mandato

Special Issue Editors
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Abstract: Malnutrition in children and adults with advanced liver disease represents a tremendous
challenge as the nutritional problems are multifactorial. This Editorial comments the articles
appearing in this special issue of Nutrients, “Nutrition and Liver disease” dealing with multiple
diagnostic and therapeutic features that relate the outcomes of liver disease to nutrition. To improve
quality of life and prevent nutrition-related medical complications, patients diagnosed with advanced
liver disease should have their nutritional status promptly assessed and be supported by appropriate
dietary interventions. Furthermore specific food supplements and/or restriction diets are often
necessary for those with hepatic conditions associated with an underlying metabolic or nutritional or
intestinal disease.

Keywords: nutrition; liver disease; cholestasis; liver transplantation; assessment; support

Despite advances in both the assessment and management of patients with liver disease, the
provision of appropriate nutritional support for these patients is frequently lacking, an omission that
has a large impact on clinical outcomes and quality of life. Except for elimination diets indicated for
some hereditary or metabolic diseases that affect the liver, the general nutritional recommendations
for most cases of compensated liver disease are analogous to the customary recommendations for a
balanced diet. Malnutrition in children and adults with advanced liver disease, however, remains a
tremendous challenge. The nutritional problems of these patients are multifactorial, and commonly
include decreased intake due to anorexia, hypermetabolism, increased energy loss, and increased
energy needs (Figure 1). The complicated underlying metabolic scenario is characterized by reduced
glycogen stores, reduced protein synthesis, decreased branched-chain amino acid (BCAA)/aromatic
amino acid (AAA) or BCCA/tyrosine (BT) ratios (3.5:1→1:1), and disturbances in fat metabolism
during fasting.

Figure 1. Diagnostic and therapeutic issues that link outcomes of liver diseases to nutrition.

Nutrients 2018, 10, 9 1 www.mdpi.com/journal/nutrients
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In this special issue of Nutrients, which focuses on “Nutrition and Liver Disease,” a number of
contributors have presented novel information and additional perspectives on multiple diagnostic and
therapeutic features that relate the outcomes of patients with liver disease to nutrition.

1. Skeletal Muscle Mass

Skeletal muscle mass (SMM) is determined by the balance between protein synthesis and
breakdown. Skeletal muscle loss (SML) is a major complication of liver cirrhosis (LC). In clinical
settings, the assessment of skeletal muscle mass (SMM) to identifysevere SML (or sarcopenia) has long
represented a very simple and objective bedside clinical measure of liver disease severity, because
SML is associated with liver disease prognosis. It has now recently enhanced thanks to the support of
various new imaging methods for assessing core SMM.

In this issue of Nutrients, the prognostic value of SMM was reported by studies in various
categories of hepatic conditions, and the information has furthered our knowledge on the
following issues:

• Strict interdependence exists between (1) the prevention of depletion of SMM,(2) the early
diagnosis of and curative therapy for hepatocellular carcinoma (HCC),(3) the preservation of liver
functional reserve, and (4) improved liver disease outcomes [1]. Age of male patients, female
gender, a Child–Pugh score, and increased tumor size were significantly related to the SMM index,
as measured at the third lumbar vertebra by transverse computed tomography (CT) imaging,
which is a commonly used tool for HCC in the clinical setting. The results of the study by Imai et
al. overall confirmed that sarcopenia negatively impacts the survival of patients with HCC, and is
a valuable prognostic factor that might be impacted by liver functional reserve and the clinical
stage of HCC.

• Therelationship between the loss of SMM, as assessed by bioelectric impedance analysis (BIA), and
liver fibrosis, as measured by virtual-touch-quantification (VTQ) and acoustic-radiation-force-impulse
elastography in patients with chronic liver disease (CLD), was reported by Nishikawa et al. [2].
Interestingly, BCAAs-to-tyrosine ratio (BTR) showed the second strongest correlation with the VTQ
level, and was an independent predictor for decreased SMM index.

• BothBTR and SMM, as evaluated by BIA, were also confirmed to be reliable predictors of outcome
in patients with liver diseases in another study, which found that increased values of BTR
and SMM were associated with the resolution of chronic hepatitis C in patients treated with
interferon-free direct-acting-antiviral therapy [3].

• However, all that glitters is not gold, and these studies have both strengths and limitations.
The study by Imai et al. [1] was based on imaging techniques, and, although these assessments are
objective and not affected by defects in hepatic synthesis or retention of NaCl and water, they are
either expensive or involve radiation and cannot easily be repeated to monitor progress. The other
twostudies [2,3] that used BIA, which is based on a two-component model of body composition
(fat and fat-free mass), may have drawbacks. As recently emphasized by Amodio et al. [4] the
validity of this technique is in fact critically dependent on assumptions relating to tissue density
and hydration.

In future clinical and research settings, hand-grip dynamometry, which can provide measures
for risk stratification for all-cause death, cardiovascular death, and cardiovascular disease in the
general population [5], should be also implemented for the assessment of muscle strength. Indeed,
for patients with cirrhosis, muscle strength, as assessed by hand-grip dynamometry, appears to be an
easy-to-measure, sensitive, and specific marker for depletion of SMM [6] and ispositively correlated
with total body protein [5,7].
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2. Nutritional Assessment and Support

Another major issue concerns the fine line between the need for a hypercaloric diet rich in proteins
and the risk of hepatic encephalopathy and hyperammonemia in sarcopenic, chronically malnourished
patients with end-stage liver disease. The appropriate nutritional support of adult cirrhosis before and
after liver transplantation was the focus of three articles in this issue.

• The first article [8] recommends the performance of an accurate multidisciplinary assessment of
malnutrition in order to optimize nutritional support, especially for those patients with elevated
risk for malnutrition because of the severity of their native liver disease. The recommended
daily requirements for nutrients and energy intake should be achieved through oral intake, oral
supplementation, and enteral nutrition. Parenteral nutrition (PN) should be used for moderately
or severely malnourished patients with cirrhosis who cannot be fed orally or enterally, or if they
have fasted longer than 72 h [9].

• The important and difficult issues concerned with the careful assessment of nutritional status
of patients who are candidates for liver transplantation were also emphasized in the articles
by Ahmed Hammad et al. [10] and Yang et al. [11]. The perioperative nutritional interventions,
including the use of synbiotics, micronutrients, branched-chain amino acid (BCAA) supplements,
and immunonutrients; fluid and electrolyte balance, the partial substitution of conventional fats
with medium-chain triglycerides, and carefully monitored supplementation using fat soluble
vitamins for cholestasis were reviewed for both adult and pediatric patients. Children with chronic
liver disease are particularly vulnerable to malnutrition, which can compromise growth and brain
development. They should benefit from early intervention provided by a multidisciplinary team.
Yang et al. in particular have focused on the nutritional needs and support of children with
chronic liver disease [11]; they revised the issues by providing conclusions that are consistent with
the most recent guidelines of the European Society of Paediatric Gastroenterology Hepatology
and Nutrition (ESPGHAN) [12].

3. Hepatopathies due to Inherited Metabolic/Genetic Defects

A number of inherited metabolic/genetic defects, including those that require (a) specific well
established dietary restrictions (galactosemia, hereditary fructose intolerance, inborn errors of the
urea cycle such as citrin deficiency and related metabolic pathways),(b) the addition of specific
drugs (e.g., tyrosinemia; Wilson disease), or (c) special food supplements such as uncooked starch
(e.g., glycogen storage diseases), represent a further challenge not only for pediatricians but also for
adult hepatologists at the time of transition of care [13]. A dietician familiar with metabolic disorders
is often needed on the team caring for these patients [14].

Dietary intervention is an evolving and increasingly used therapy also for the novel group
of Congenital Disorders of Glycosylation (CDG). Glycosylation consists in the covalent binding
ofan oligosaccharide chain to the polypeptide side chains of a glycoprotein. The carbohydrate
consists of a simple sugar (e.g., glucose, galactose, mannose, and xylose), an amino sugar
(e.g., N-acetylglucosamine or N-acetylgalactosamine), or an acidic sugar (e.g., sialic acid or
N-acetylneuraminic acid). Monosaccharide supplements are being evaluated in trials for more and
more subtypes of CDG, because monosaccharides have relatively high safety, especially compared to
experimental drugs, and are easy to administer. The mechanism is still poorly understood, although
in CDG-Ib, alimentary addition of mannose appear to bypass the defective step (conversion of
fructose-6-phosphate to mannose-6-phosphate) by allowing for the formation of mannose-6-phosphate
via the action of hexokinase [15]. In their article, Morava and her group presented an accurate
overview of very recent data on the contributions of nutritional therapy by evaluating many of
the different options for nutritional therapy that have somehow been associated with a positive
effect on liver function in CDG [16]. The questions these authors, however, pose include whether or
not these dietary interventions are sufficient and whether these dietary interventions are the most
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efficient therapies for CDG. They remind the reader that mannose therapy for patients with mannose
phosphate isomerase (MPI)-CDG has not only been found to be possibly hazardous at higher doses,
but unfortunately also cannot prevent progressive fibrotic liver disease in about one third of affected
patients. In addition, recent experience with galactose therapy has been found beneficial for several
CDGs [17–19] without, however, completely alleviating all clinical symptoms. While recognizing
the progress this approach represents, they also suggest that future therapy for CDG therapy will
most likely include administration of activated monosaccharides instead of single dietary sugars.
The efficacy and toxicity of these novel drugs, however, remain to be investigated in human trials as
well after careful preliminary evaluations in animal models are made.

4. Hepatopathies Driven by Primary Nutritional/Intestinal Tract Diseases

A number of liver diseases that are driven by primary nutritional/intestinal tract
diseases (e.g., inflammatory bowel disease (IBD), celiac disease, cystic fibrosis (CF), alcoholic
steatohepatitis (ASH), and non-alcoholic steatohepatitis (NASH) parenteral nutrition-associated liver
disease(PNALD)), which are included under the umbrella term gut-liver axisdysfunction [20,21], also
represent specific challenges. Investigations of the associations between the liver and diseased intestine
are still preliminary, and further studies are essential for the clinical management of these complicated
conditions (Figure 2).

Figure 2. Gut-liver axis and liver diseases. Increased intestinal permeability and dysbiosis are common
features linking the liver to a number of nutritional/gastrointestinal (GI) diseases depicted in the figure.
The toll-like receptor (TLR)–bacterial lipopolysaccharide (LPS) interaction is one of the mechanisms
involved in the release of proinflammatory mediators (cytokines), leading to liver inflammation and
stellate-cell-activation-dependent fibrosis. Emerging therapeutic approaches that target the gut-liver
axis therefore represent promising therapies to prevent or halt liver disease progression.

Genetic predisposition and environmental stimulation determine the loss of tolerance in primary
biliary cholangitis (PBC) where antimitochondrial antibodies (AMAs) cross-react with proteins from
intestinal bacteria (E2 subunit), possibly because of molecular mimicry. Aberrant homing of intestinal
lymphocytes also occurs. The association between celiac disease and PBC is also well established.

Closely associated with inflammatory bowel disease, primary sclerosing cholangitis (PSC) is
also a heterogeneous disease that involves marked interactions between altered immune status
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(human leucocyte antigen (HLA)), altered bile composition, and host microbiome. Some subgroups of
antineutrophil cytoplasmic antibodies (ANCAs) in the blood and bile are associated with increased
liver enzyme levels and are biomarkers of liver disease with a possible role in the pathogenesis of the
disease as well.

In celiac disease, immunoactive molecules generated from cross-linking between tissue
transglutaminase and food/bacterial antigens reach the liver through the portal circulation and
are responsible for transglutaminase antigen (tTG)–antibody complex hepatic deposits. The liver may
respond to gluten either as a reactive “celiac hepatitis” or a true autoimmune hepatitis (with anti-liver
cytosol (LC1), anti-nuclear antibodies (ANA), anti-smoot muscle antibodies (ASMA), anti-liver kidney
microsomes (LKM1)) based on the DQ2 strong linkage disequilibrium with the DR3 and DR4, the
latter being the major HLA risk factor for autoimmune liver disease.

Increased levels of bacterial endotoxin in the portal circulation suggest a role for gut-derived
toxins also in the alcoholic liver diseasesteatohepatitis (ASH), non-alcoholic fatty liver disease
(NAFLD/NASH), and parenteral nutrition liver disease (PNALD). Alcohol (EtOH) consumption
and endogenous alcohol production by gut bacteria in obese individuals can disrupt the tight junctions
(TJ) of the intestinal epithelial barrier, resulting in increased gut permeability. The bacterial endotoxin
(lypopolisaccharides, LPS) contributes to inflammation through activation of toll-like receptor 4 (TLR4).
Oxidative stress with reactive oxygen species (ROS), insulin resistance (IR), secondary bile acids (BAs),
and farnesoid X receptor activation (FXR) represent major mechanisms of pathogenesis.

Animals with cystic fibrosis transmembrane conductance regulator defects and patients with
cystic fibrosis have microbiomes that are different from individuals without CF, which might be
accounted for by altered bile properties, prolonged small bowel transit, frequent antibiotic exposure,
and small intestinal bacterial overgrowth (SIBO) (adapted and modified from [20]).

For celiac disease [22] and NASH [23,24], nutritional correction of the underlying
gastrointestinal/nutritional disease may be effective in preventing the progression of liver disease.
Readers are also referredto the 2017 Nutrients issue (ISSN 2072-6643) edited by Nobili and Alisi, where
specific measures for the treatment of obesity-related NAFLD are specifically discussed.

Unfortunately, for some nutritional/intestinal conditions such as IBD and CF, the liver disease
does not seem to be affected by decreases in the inflammatory activity in the intestinal tract [25] or
improved function of the pancreas/respiratory tract [26].

Impaired intestinal function, directly or indirectly associated with gut dysbiosis, may also be one
of the main pathogenic mechanisms of PNALD [27] (Figure 2).

• In this issue of Nutrients, Cahova et al. [28] reviewed studies of animal models and humans that
suggested that chronic parenteral nutrition-related liver damage depends on intestinal failure
and associated complications rather than PN administration per se. The prominent factors appear
to be increased permeability of the intestinal barrier, which facilitates translocation of bacterial
toxins and microorganisms into the portal circulation, mesenteric lymph nodes, and liver, and
the overall proinflammatory status of the compromised intestine. The gut microbiota play a
weighty role in the maintenance of the functional intestinal barrier and the establishment of
either an immunotolerant or inflammatory intestinal setting [23,27]. Therapeutic strategies that
focus on improving the composition of the microbiota through the targeted delivery of beneficial
microbiota or by supplementation with immunomodulators are attractive areas of investigation.

• Alcoholic liver disease (ALD) is a strong predictor of malnutrition because of the numerous risk
factors for malnutrition that are associated with both acute and chronic alcohol abuse. Due to
complicated pathogenetic mechanisms, therapies for ALD and especially for severe alcoholic
hepatitis (AH) are thorny problems in clinical practice. For severe acute AH, specific drug
treatments, including glucorticoids and pentoxifylline, have been identified and currently are
recommended by international guidelines. However, further elucidation of the mechanisms of
pathogenesis is still needed [29]. In this context, the article by Xuchong Tang et al. [30] in this
issue of Nutrients is particularly welcome. The study revealed that an artichoke extract exhibited
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significant preventive hepatoprotective effects not only for the carbon-tetrachloride-induced
hepatoxicity [31,32] and NAFLD/NASH [33] as previously demonstrated but also against acute
alcohol-induced liver injury (ASH). The effects probably depend on the ability of components
of the extract not only to attenuate oxidative stress but also to suppress the toll-like receptor
4/nuclear factor kappa-light-chain-enhancer of activated Bcells (TLR4/NFkB) inflammatory
pathway, a signaling pathway suggested to be one of the mechanisms of pathogenesis also of
NAFLD through the overexpression of hepcidin [34].

5. Conclusions

In conclusion, to improve quality of life and prevent nutrition-related medical complications,
patients diagnosed with advanced liver disease should have their nutritional status promptly assessed
and be supported by appropriate dietary interventions. Furthermore, a dietary approach that
uses specific food supplements and/or restriction diets is often necessary for patients with hepatic
conditions associated with an underlying metabolic or nutritional or intestinal disease, due to the
hepatoprotective and/or anti-oxidant and/or anti-inflammatory effects of these measures.

Author Contributions: The authors contributed equally.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Aim: The aim of this work is to develop a pragmatic approach in the assessment
and management strategies of patients with cirrhosis in order to optimize the outcomes in this
patient population. Method: A systematic review of literature was conducted through 8 July
2017 on the PubMed Database looking for key terms, such as malnutrition, nutrition, assessment,
treatment, and cirrhosis. Articles and studies looking at associations between nutrition and cirrhosis
were reviewed. Results: An assessment of malnutrition should be conducted in two stages: the
first, to identify patients at risk for malnutrition based on the severity of liver disease, and the
second, to perform a complete multidisciplinary nutritional evaluation of these patients. Optimal
management of malnutrition should focus on meeting recommended daily goals for caloric intake
and inclusion of various nutrients in the diet. The nutritional goals should be pursued by encouraging
and increasing oral intake or using other measures, such as oral supplementation, enteral nutrition,
or parenteral nutrition. Conclusions: Although these strategies to improve nutritional support have
been well established, current literature on the topic is limited in scope. Further research should be
implemented to test if this enhanced approach is effective.

Keywords: nutrition; cirrhosis; end-stage liver disease; Child-Turcotte-Pugh; malnutrition;
dietary intervention; improved oral intake

1. Introduction

Malnutrition has become increasingly common in end-stage liver disease [1]. The prevalence
of malnutrition has been reported in a significant proportion of patients with cirrhosis and ranges
from 10% to 100%, contingent on severity of hepatic decompensation in the setting of cirrhosis [2,3].
However, even with this high occurrence, malnutrition is still under-diagnosed and ineffectively
treated [4]. More specifically, many patients who are awaiting liver transplantation develop various
nutritional deficiencies [1]. Malnutrition is a predictor of morbidity and mortality in patients with
cirrhosis [3]. Malnutrition related to liver disease has been linked to a risk of infections, complications
associated with surgery, poor candidacy for liver transplantation, and a prolonged length of stay in
the hospital or intensive care unit [2,5]. Routine screening of patients with end-stage liver disease for
malnutrition can facilitate prompt diagnosis leading to timely initiation of treatment and improved
outcomes [6,7].

2. Malnutrition in End-Stage Liver Disease

In the presence of cirrhosis, malnutrition is diagnosed and defined as a deficiency in
nutrients [8]. Under normal post-prandial conditions, ingested carbohydrates are metabolized by
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the liver and stored as glycogen. Subsequently, during the normal fasting period glycogen can
be broken down (glycogenolysis) to glucose (gluconeogenesis) to maintain stable blood glucose
levels (glucose homeostasis). Patients with cirrhosis have a compromised ability to store glycogen
and blunted gluconeogenesis. Therefore, cirrhotic patients may enter a starvation state between
dinner and breakfast, stimulating lipid oxidation, thus shifting from carbohydrate to fat as the main
source of energy metabolism. A complex interaction of many factors are involved in increasing the
risk of malnutrition in cirrhosis [9]. Poor calorie intake is a common contributor in these patients,
which often stems from a lack of appetite or anorexia. The molecular mechanisms involved in
malnutrition in the cirrhotic state are not fully understood and include zinc deficiency, early satiety
resulting from an increased amount of leptin and tumor necrosis factor-alpha in the blood, etc. [8,9].
In addition, many patients may develop a poor appetite due to ascites or hepatic encephalopathy [10].
The resulting dietary restriction of salt may make food unpalatable, further escalating poor nutritional
status [11]. Another cause of malnutrition is impaired absorption and digestion resulting from
a host of factors, such as decreased bile-salt, bacterial overgrowth, and portal hypertension [8].
Finally, hypermetabolism leads to malnutrition through increased energy expenditure and is an
independent predictor of both transplant-free and post-transplant survival [8,10,12]. This is mainly
caused by changes in nutrient utilization due to the lack of available carbohydrates for energy,
which places the body in a state of starvation, especially overnight [12]. Infection and ascites also
contribute to the hypermetabolic state [10]. In the setting of cirrhosis, protein-energy malnutrition
(PEM) is noted in up to two-thirds of affected individuals and correlates with Child-Turcotte-Pugh
classification. PEM is associated with poor survival in this patient population. The contributing factors
to PEM include hypermetabolism, poor caloric intake, malabsorption, increased intestinal permeability
leading to protein loss, and decreased hepatic protein synthesis. In addition, PEM leads to muscle
wasting manifested by a reduction in skeletal muscle volume and strength (secondary sarcopenia
related to cirrhosis). Secondary sarcopenia associated with cirrhosis is an independent predictor of
poor survival. Furthermore, certain disease-specific issues impacting the management of malnutrition
must be individualized. For example, alcohol abuse associated with low socio-economic status and
poor psycho-social support may pose a complex challenge in the management of malnutrition.

In order to fully address the issue of malnutrition in end-stage liver disease, improvement must
be made in promptly diagnosing patients in need for nutritional support.

3. Improved Assessment of Malnutrition

A systematic approach to screen for malnutrition in cirrhotic patients must be established to
more directly address the growing problem of malnutrition. During the initial evaluation (stage 1
assessment), cirrhotic patients with immediate need for nutritional support must be identified.
Subsequently, these selected patients must undergo a standardized evaluation (stage 2 assessment)
leading to individualized patient care with a focus to optimize the nutritional status. This two-stage
approach is summarized in Figure 1.

Figure 1. Two-stage approach to nutritional assessment in cirrhosis.
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3.1. Stage 1 Assessment for Malnutrition: Define Immediate-Need Populations

The goal of a two-stage approach is to maximize the allocation of time and resources to those who
need it the most to improve overall outcomes. Not every patient needs an immediate full evaluation
(stage 2 assessment) for malnutrition; patients who are the most at risk should be targeted first and
assessed. Malnutrition severity is strongly associated with the severity of hepatic decompensation
(liver failure) in the setting of cirrhosis [3,13]. A Chinese study evaluating malnutrition in patients
with chronic liver disease found that patients with the highest rate of nutritional risk were also those
with the greatest degree of liver failure (patients in Child-Turcotte-Pugh (CTP) classes B and C) [13].
The two-stage approach uses the association between malnutrition and severity of liver failure to
identify the patient population in immediate need of nutritional assessment using the CTP scoring
system. This classification, created by Child and Turcotte in 1964 and later adjusted in 1973 by Pugh, is
a commonly-used tool for measuring the severity of liver failure in cirrhotic patients and to estimate
the risk of surgical procedures [14–16]. The CTP system scores 1–3 points, with one being the most
normal and three being the most abnormal, in five different categories (albumin, bilirubin, prothrombin
prolongation time, and hepatic encephalopathy) to grade patients into three classes: A (5–6 points),
B (7–9 points), and C (10–15 points), with classes B and C being the most severe [17]. This constitutes
the ‘stage 1 assessment’ and identifies patients with cirrhosis at the highest risk of malnutrition, namely
CTP classes B and C [13]. Another study evaluated of cirrhotic patients for malnutrition categorized
by the three CTP classes and noted malnourishment in more than half the patients in the CTP class
B and C groups, 77.3% and 94.4% respectively, while less than half of the patients in CTP class A
developed malnutrition [3]. In a study that compared the Subjective Global Assessment (SGA) of
patients’ nutrition with their CPT class, only patients in class B and C were indicated to have levels of
malnutrition ranging from moderate to severe [11]. Thus, cirrhotic patients with CTP class B and C
have been shown to be the most likely to develop malnutrition and require comprehensive ‘stage 2
assessment’ for poor nutritional status.

3.2. Stage 2 Assessment for Malnutrition: Multidisciplinary Nutritional Assessment

A more thorough and comprehensive evaluation of the nutritional status can be achieved and a
focused individualized approach can be pursued. This not only allows for proper apportionment of
resources and time, but also provides a more targeted approach in which patients can be prioritized
based on the severity of malnutrition. A study evaluating protein depletion in patients with cirrhosis
concluded that the utilization of multiple nutritional assessment tools were crucial in making an
accurate assessment of severity of malnutrition [18]. End-stage liver disease is a confounding factor
that affects the results of multiple nutritional assessment tools and, thus, there has to be confirmation
across many techniques to diagnose malnutrition [5]. For example, weight and albumin concentrations
could be unreliable measurements alone due to other complications from cirrhosis, such as ascites
or low protein synthesis, respectively [10,18,19]. Other cross-sectional studies looking at nutritional
assessment techniques found that the use of a variety of techniques, such as the SGA, biochemical tests,
and anthropometry, lead to a better understanding of nutritional status [2,20–22]. A variety of tests
should be used to evaluate different aspects and severity of nutrition rather than any single nutritional
screening tool, thus creating a multidisciplinary approach shown in Figure 2 [1,19].

A standard nutritional evaluation often used in hospitals is the SGA [23]. It is an attractive test
due to its accuracy while also being cheap, non-invasive, and simple to execute [23]. Multiple studies
compare the SGA results with other nutritional measurement tools and have found it to provide
consistent results, validating the SGA’s precision and specificity [2,22,24]. It was also studied in the
context of liver transplantation and was shown to predict complications during transplantation, as well
as post-operative outcomes [5]. The SGA is a questionnaire with two main components, history and
physical examination [25]. The history portion asks questions regarding previous weight changes
over time, recent alterations of food intake, recent functionality, and symptoms affecting intake [25].
The physical examination measures fat loss, muscle wasting, and the presence of edema and ascites [25].
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A score is calculated based on the evaluation and the patient is assigned to one of three stages—Stage
A, well nourished; Stage B, moderately malnourished; or Stage C, severely malnourished, with each
stage having a list of features characterizing the multiple categories assessed [25].

Figure 2. Multidisciplinary nutritional assessment.

A biochemical assessment for markers of malnutrition is commonly used for monitoring
nutrition [1]. The test should include many factors, such as hemoglobin, albumin, white blood
cell count, retinol-binding protein, transferrin, liver function exams, glucose, cholesterol, urea nitrogen,
C-reactive protein, pre-albumin, nitrogen balance, creatinine, sodium, magnesium, zinc, potassium,
and others [19,20]. Serum albumin is a common tool used to measure nutritional status and can help
categorize the level of malnutrition [20]. However, one issue is that albumin also declines due to
hepatic damage, making it an unreliable marker [19,26]. Pre-albumin and transferrin are impacted
by malnutrition and hepatic damage similarly, but respond faster and, therefore, could also be used
as early indications of malnutrition [26]. Retinol binding protein (RBP) relies on the presence of
other nutrients, such as vitamin A and zinc, in order to carry out its function. Thus, micronutrient
deficiency due to malnutrition would affect the blood levels of RBP as well [27]. Nitrogen balance is a
good measure of dietary protein intake and protein metabolism [28]. Deficiency occurs when protein
metabolism is greater than protein intake, as indicated by a negative nitrogen balance [28].

Furthermore, anthropometric testing and body mass index (BMI) are necessary tools when
assessing nutritional body composition [29]. Anthropometric testing measures height, weight, mid-arm
circumference, mid-arm muscle circumference, triceps skin fold thickness, and biceps skin fold
thickness [20,21]. BMI and anthropometric measures can be used to assess skeletal muscle mass and
adipose deposit levels [30–32]. A recent study found that thigh muscle thickness when used with BMI
can be an important tool in identifying sarcopenia and malnutrition [31]. A potential problem with BMI
is that edema and ascites could increase the measured weight and make BMI inaccurate; however, dry
BMI can be measured by using corrective factors for dry weight that account for the level of edema. Five,
ten, or fifteen percent are subtracted from the measured weight for mild, moderate, or severe ascites,
and an extra 5% would be subtracted if edema is present [30,31]. Another way to account for ascites is
to use the established BMI standards for ascites where BMI below or equal to 22 with no ascites, a BMI
of 23 kg/m [2] with mild ascites, or a BMI of 25 kg/m [2] with tension ascites is considered a state of
malnutrition [33]. Another useful tool to measure body composition is bioelectrical impedance analysis
(BIA) [33–35]. BIA is swift, simple, and non-invasive, which makes it an attractive new technique
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that is gaining interest [35–37]. It conducts an electric current through the body and calculates its
electric impedance, which is made up of two components—resistance, which measures body water,
and reactance, which measures body cell mass (BCM). Based on this information, measurements about
body composition can be estimated, such as BCM, BCM%, extracellular mass, mass that is not from
body fat, body fat mass, phase angle, and total body water [34,37,38]. This information can be utilized
to understand various aspects of body composition and determine how they change over time with
intervention [33]. For example, BIA can calculate body water, which could be indicative of edema or
ascites [33]. Furthermore, recent research has found that phase angle is a better predictor of nutritional
status in cirrhosis than anthropomethric evaluation tools and can even be used for early diagnosis of
malnutrition [35].

Functional testing is another important evaluation when assessing nutrition; this allows for a
means of testing the strength and ability of the skeletal muscle [2]. A longitudinal study found that
although muscle strength and muscle mass both deteriorate with malnutrition, the former declines at a
much quicker rate [39]. Additionally, muscle strength can decrease without a loss in muscle mass [39].
Hand-grip strength is a tool used to assess muscle strength and has been validated as an independent
method of identifying malnutrition and muscle capability [40]. Moreover, a comparative study found
that when tested against other nutritional assessment tools, such as SGA, BMI, and anthropometric
measurements, the hand-grip strength test had the highest accuracy for detecting the presence of
nutritional compromise in the context of liver disease [41]. Another study found that not only
does hand-grip strength correlate with nutritional level, it also predicts hospital outcomes, such as
post-operative complications, length of hospitalization, risk of re-hospitalization, and physical ability.

The final portion of the assessment is an evaluation of dietary intake [2]. The best method to record
this is through a three-day food diary with specific instructions given to the patient on how to complete
the diary so that accurate information on food consumption can be documented [2]. Many studies have
validated the three-day food diary as an effective measure of dietary intake and it has been shown to
be more accurate than other methods such as the food frequency questionnaire and 24-h recall [42,43].
The food diary helps physicians and dieticians understand the different food habits, dietary choices,
and overall consumption levels (calories and protein content) of the patient over time so that they can
assess nutrition in an individualized manner [44]. The use of multiple tools and tests to evaluate the
patient’s nutritional status creates a well-rounded image of the patient’s health so that an assessment
of malnutrition are both thorough and specific. An initial assessment stage that filters patients based
on severity of hepatic decompensation in the setting of cirrhosis allows only the malnourished or
most at-risk for malnutrition to proceed to the next stage. Furthermore, this individualized approach
results in pragmatic utilization and allocation of restricted resources.

4. Treatment Options for Malnourished Patients

Malnutrition in the setting of cirrhosis has been noted as a reliable indicator of quality of life
and key predictor of inpatient outcomes (morbidity and mortality) [3]. Studies have indicated that
these outcomes can be improved by optimizing the nutritional status of a patient with cirrhosis [7].
Unfortunately, malnutrition remains an alarmingly prevalent problem, especially in patients with
cirrhosis [3,45]. Therefore, it is very important to develop an objective and standardized initial and
follow-up evaluation pathway/management protocol to assess the nutritional status of patients
with cirrhosis. In particular, patients with hepatic decompensation/liver failure awaiting liver
transplantation require an ongoing evaluation of their nutritional status in the era of donor organ
shortage and longer waiting times on transplant waitlists.

4.1. Proper Dietary Recommendations and Education

In patients with cirrhosis, the recommendation for different macromolecules has changed over
time and health care practitioners need to be aware of these changes so that patients are properly
managed [12]. Gastroenterology and hepatology fellowships do not always offer a comprehensive
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training in nutritional assessment and treatment; therefore, physicians may not always know the
best methods available for diagnosing or treating patients who face malnourishment [9]. The most
important aspect of malnourishment management is ensuring that the patient’s rehabilitative
diet has the correct amount of each essential nutrient or macromolecule according to the current
regulations [12]. Furthermore, diet plays a substantial role in cirrhosis and the related severity of
hepatic decompensation/liver failure. Inadequate diets have been associated with further progression
of liver disease and increased risk of cirrhosis. However, proper diet alterations have been noted
to not only prevent disease progression, but also to reduce the severity of liver failure [46,47].
The recommendation for malnourished patients with cirrhosis is 35–40 kcal/kg/day to promote
anabolism [33,48]. Protein deficiency is a significant problem in malnutrition which can be addressed
through an intake of 1.2–1.5 g/kg/day [48,49]. Furthermore, hepatic damage causes an increase in
aromatic amino acids (AAA) and decreases branched-chain amino acids (BCAA) which can lead to
hepatic encephalopathy and other neurological complications [29]. Studies have found that increasing
the BCAA to AAA ratio through improved dietary BCAA intake has led to normalization and increased
survival [12,50]. The guideline for carbohydrates is 50–70% of daily calories [51]. However, simple
sugars, especially fructose, should be avoided as much as possible [6]. The recommendation for
lipids is 10–20% of calories with the majority being monounsaturated and polyunsaturated fatty
acids [6,11]. Special considerations have to be taken for hepatic encephalopathy and ascites [33].
In hepatic encephalopathy, there should be an increased emphasis on BCAAs and fiber with
decreased ammonia [33]. Previous recommendations for hepatic encephalopathy included decreased
protein intake, but more recent data have shown that this practice is outdated and incorrect [6,9,10].
Patients with ascites should be on a low-sodium diet (less than or equal to 2 g/day) and should also
have water restriction when edema is present or if hyponatremia occurs [33]. Ensuring patients meet
these requirements, organized in Table 1, is the first step in optimizing nutritional support in patients
with end-stage liver disease. In patients with cirrhosis associated with nonalcoholic steatohepatitis
caloric restriction, but not protein restriction, can be recommended. Furthermore, patients with fluid
retention must be educated to restrict their sodium intake to less than 2 g per day and fluid intake of
2 L per day.

Table 1. Nutritional recommendations for malnutrition in cirrhosis.

Nutritional Recommendations for Malnutrition in Cirrhosis

Daily Calories 35–40 kcal/kg/day
Proteins 1.2–1.5 g/kg/day with increased BCAAs
Carbohydrates 50–70% of daily calories with decreased simple sugars—especially fructose
Lipids 10–20% of daily calories with increased MUFAs and PUFAs

Special Considerations

Hepatic Encephalopathy Maintain protein intake, increase BCAAs and decreased ammonia intake
Ascites Low-sodium diet (≤2 g/day) and water restriction when necessary

4.2. Techniques to Promote Oral Intake

In general, adequate oral intake has been a difficult task for many patients facing malnutrition
related to cirrhosis and other chronic ailments [52]. Patients with malnutrition are unable to maintain
their daily caloric targets and requirements for nutrients despite institution of reinforced diet plans [52].
Many studies have reported that patients with malnutrition have significant amounts of calories wasted
with each partially-ingested meal [53,54]. One study questioned patients after meals at the hospital
in an attempt to understand the reasoning behind incomplete meal intake and suspected that meal
sensory perception affected eating capability despite hunger [55]. Patients responded regarding various
aspects of their meal experience (appearance, aroma, taste, texture, temperature, and food variety)
and requested that more attention be paid to provide a more individualized eating experience [55].
These factors should be continuously re-evaluated to reflect the preferences of the patients as their
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appetite changes based on the severity of hepatic decompensation [55]. In addition to this study,
others have shown that meal presentation and appearance impacts the desire to eat; patients ate more
from a neatly-arranged plate rather than a disorganized one [54,55]. Additionally, overwhelming odors
from food discouraged eating [55]. For example, when feeling nauseous, patients desired meals that
had neutral tastes [55]. Often softer foods that were easier to ingest were associated with increased
intake [55,56]. A hot meal versus a cold meal was more likely to be ingested [55]. Another study
assessing issues with oral intake showed that interruptions during meal times by nurses, physicians,
or tests led to missed meals that were never served later; patients were also unaware of the options
available for extra snacks between meals [53]. This suggests that patients should have scheduled meal
times that are protected and nursing staff should ensure that the patients eat during the dedicated meal
period without interruption, plus improving patient awareness regarding additional accessible snacks
can increase caloric intake [53]. Studies to improve intake noted that smaller meals, increased meal
frequency, and fortified nutrition within these meals were effective in instituting increased nutritional
support [57]. Furthermore, studies in the setting of cirrhosis found that 4–6 meals high in carbohydrates
with an evening snack fortified with BCAAs prevented hypoglycemia and led to increased nutrition
due to reduced catabolism overnight [8]. Another important factor found in studies was the level of
nursing education [58]. Poulsen and colleagues [58] noticed increased nutrition and oral intake in
patients when nurses were given a short class on nutritional care to provide individualized nutritional
support. Figure 3 summarizes the various interventions that can be used to promote oral intake and
improve nutritional status of patients with cirrhosis.

Figure 3. Methods to improve oral intake.

4.3. Alternative Feeding Methods

Although oral intake of food is the preferred route of nutrition, factors, such as patient weakness
or inability to eat, may necessitate pursuit of alternative methods for nutrient delivery [10,59].
Oral supplements should be used in an individualized approach to fulfill any specific nutrient
deficiencies a patient may have [10,59]. A clinical trial noted that patients given oral supplements
between meals met the recommended nutritional intakes [59]. Other options for patients unable to
handle oral intake are enteral nutrition through a nasogastric tube and, if necessary, parenteral
nutrition [10]. Both of these have been shown to be effective in various studies assessing
malnutrition [10,60]. Complications of cirrhosis and end-stage liver disease associated with gut
microbiota dysfunction, such as hepatic encephalopathy, are effectively managed with prebiotics,
probiotics and synbiotics. Optimal management of hepatic encephalopathy and favorable gut
microbiota may lead to improved nutritional status in patients with cirrhosis. Herbal remedies and
supplements should be avoided with cirrhosis due to increased risk of hepatotoxicity with marginal
hepatic reserve.
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5. Conclusions

Malnutrition is a growing problem, especially in cirrhotic patients with end-stage liver disease.
The enhancement of methods to assess and treat malnutrition is the key to optimizing patient outcomes.
Assessment of malnutrition should be done in two stages, the first to identify patients at risk for
malnutrition based on cirrhosis and the second to run a complete multidisciplinary nutritional
evaluation on these patients. Treatments for malnutrition should make sure patients reach the
recommended daily caloric and nutrient goals by increasing oral intake or by using other measures,
such as oral supplementation, enteral nutrition, or parenteral nutrition. Further prospective data
are needed from dedicated studies to optimize the nutritional status and outcomes in patients with
cirrhosis improved through proper nutritional support of patients with advanced liver disease [7].
Therefore, standardized protocols to screen for malnutrition associated with cirrhosis and timely
intervention with nutritional support is a pivotal step in reducing the risk of morbidity and mortality.
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Abstract: Malnutrition has become a dangerously common problem in children with chronic liver
disease, negatively impacting neurocognitive development and growth. Furthermore, many children
with chronic liver disease will eventually require liver transplantation. Thus, this association between
malnourishment and chronic liver disease in children becomes increasingly alarming as malnutrition
is a predictor of poorer outcomes in liver transplantation and is often associated with increased
morbidity and mortality. Malnutrition requires aggressive and appropriate management to correct
nutritional deficiencies. A comprehensive review of the literature has found that infants with chronic
liver disease (CLD) are particularly susceptible to malnutrition given their low reserves. Children
with CLD would benefit from early intervention by a multi-disciplinary team, to try to achieve
nutritional rehabilitation as well as to optimize outcomes for liver transplant. This review explains
the multifactorial nature of malnutrition in children with chronic liver disease, defines the nutritional
needs of these children, and discusses ways to optimize their nutritional.

Keywords: nutrition; chronic liver disease; children

1. Introduction

The liver plays a crucial role in many of the body’s metabolic processes, including regulating
protein, fat, and carbohydrate metabolism; vitamin storage and activation; and detoxification and
excretion of waste products [1]. In children with chronic liver disease (CLD), disruption of these
processes results in improper nutrient digestion, absorption, and usage, and ultimately malnutrition.
CLD is defined as progressive destruction and regeneration of liver parenchyma leading to fibrosis
and cirrhosis, which has been present for at least six months [2]. It results from hepatic injury
leading to irreversible impairment of liver function, with changes in architecture and blood supply [3].
This results in impaired synthesis of serum proteins and clotting factors, compromised glycemic
control and ammonia metabolism, and impaired bile secretion and cholestasis [4]. The prevalence and
etiologies for CLD in children can vary by country and age of onset. In the United States, the prevalence
of liver disease in children is unclear; however, it is estimated that 15,000 children are hospitalized
for liver disease annually [5]. The overall incidence of liver disease in neonates in the United States
is approximately 1 in every 2500 live births [6] with extrahepatic biliary atresia, metabolic disorders,
and neonatal hepatitis being the most common causes of CLD in neonates [7]. In older children in the
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United States, common causes of CLD include metabolic disorders, chronic intrahepatic cholestasis,
obesity-related steatohepatitis, drug- and toxin-induced disorders, and viral hepatitis [5]. In Australia,
the most common cause of CLD starting in the neonatal age in children is biliary atresia, occurring in
approximately 1 in 8000 live births, with other common causes being alpha-1-antitrypsin deficiency
and Alagille’s syndrome [8,9]. Similarly, in Brazil, biliary atresia is the most common cause of CLD in
children [10]. In contrast, a study in Pakistan found viral hepatitis to be the most common cause of
neonatal onset CLD, followed by metabolic disorders and biliary atresia [11] while a study in India
found metabolic disorders to be the most common cause of CLD in children [12].

Children are particularly susceptible to malnutrition due to their high energy needs for growth [13].
Approximately 25% of children diagnosed with CLD worldwide are undernourished, with the
incidence being higher in developing countries [14]. Furthermore, many children with chronic liver
disease will eventually require liver transplantation, and studies have noted that malnourishment
during liver transplantation is associated with poorer outcomes, including increased risks for morbidity
and mortality [15–17] as well as compromised neurocognitive development [18,19] and growth [20].
Otherwise unexplained clinical or laboratory nutritional deficiencies (such as iron deficiency, vitamin
D deficiency/rickets, vitamin K deficiency/coagulopathy) should raise suspicion for CLD potentially
complicating another diagnosis, such as celiac disease, inflammatory bowel disease, or chronic
cholestasis [21]. This review discusses the multi-factorial mechanisms behind malnutrition in children
with CLD, as well as strategies to optimize nutritional support in children with CLD.

2. Mechanisms of Malnutrition in Children with Cld

2.1. Decreased Energy Intake

Children with CLD are often unable to consume adequate calories for their energy needs
(Figure 1) [22]. Contributing factors include anorexia, changes in taste perception, early satiety,
and nausea and vomiting [13]. Anorexia is attributed to changes in amino acid metabolism,
which results in increased tryptophan levels and subsequent increases in brain serotonergic activity.
Tryptophan is the amino acid precursor to serotonin, which regulates eating behavior. Increased
cerebrospinal concentrations of tryptophan have been associated with anorexia in patients with
CLD [23]. Deficiency in zinc or magnesium contributes to changes in taste perception, which may
be aggravated by supplementation with unpalatable formulas and also discourages intake [13].
Furthermore, pediatric CLD patients have decreased stomach volume and discomfort from ascites
and organomegaly that result in early satiety [24]. Increased pro-inflammatory cytokines, common
in children with CLD, results in nausea and vomiting [25]. Together, these factors lead to decreased
consumption and reduced energy intake.
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Figure 1. Mechanisms of malnutrition in children with CLD.

EAR: estimated average requirements; GH: growth hormone; IGF: insulin-like growth factor.

2.2. Increased Energy Needs

Children with CLD can have an increase in energy requirements of up to 140% compared
to children without CLD [26–28]. Children with end-stage liver disease in particular are in a
hypermetabolic state, in which there is increased metabolic activity and excess lipid oxidation [29].
Moreover, this is further aggravated by the sequelae of CLD, including episodes of sepsis from
peritonitis or cholangitis, as well as variceal bleeding [13,30]. Children with CLD can also have higher
levels of pro-inflammatory cytokines, which have been correlated with malnutrition due to increased
energy consumption [31].

2.3. Endocrine Dysfunction

In addition to decreased energy intake and increased metabolism, growth failure in children with
CLD is further aggravated by an impaired growth hormone (GH)/insulin-like growth factor (IGF-I)
axis. IGF-I and its major circulating binding protein, IGF Binding Protein 3 (IGF-BP3), are synthesized
in the liver, and protein malnutrition decreases IGF-I formation, as well as increases its serum clearance
and degradation [32]. IGF-I levels are decreased further due to GH resistance in children with CLD
caused by downregulation of the GH receptor [30].

2.4. Malabsorption and Disordered Substrate Metabolism

2.4.1. Carbohydrates

The liver receives glucose-rich blood via the portal vein, from which it creates glycogen to be
stored in the liver. Glucose is also circulated from the liver to the muscles where lactate, pyruvate,
and alanine are generated via glycolysis [33,34]. However, in children with CLD, glycogen stores are
depleted from their longstanding condition, resulting in hypoglycemia. Significant hepatocyte loss,
such as that in fulminant liver failure, can also cause hypoglycemia [35]. Infants and small children
are particularly susceptible due to their lower reserve [13]. In contrast, adults with cirrhosis have
increased insulin levels and can develop diabetes mellitus due to increased insulin secretion by the
pancreas, decreased insulin degradation by the liver [36] and decreased glucose uptake by tissues [37].
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These processes may also occur in children, but unlike adults, few children with CLD (aside from those
with cystic fibrosis) develop diabetes mellitus [38].

2.4.2. Proteins

With reduced glycogen stores in CLD, proteins are increasingly utilized for gluconeogenesis [39].
However, the liver’s capacity for protein synthesis in CLD is limited due to reduced substrate
availability, decreased hepatocyte function, and increased catabolism. Consequently, hypoalbuminemia
can develop, leading to peripheral edema, ascites, and decreased enteral intake due to discomfort [13].
Additionally, the liver is the site of synthesis for all coagulation factors with the exception of factor
VIII, thus coagulopathy is also a consequence of CLD [30]. Increased protein catabolism also results
in increased nitrogenous waste products such as ammonia, which is normally converted to urea by
the liver for excretion. This conversion is compromised in CLD, resulting in increased ammonia
levels. Abnormal protein use by the liver in CLD results in increased aromatic amino acids (AAAs)
and decreased branched-chain amino acids (BCAAs) [40]. An abnormal ratio of BCAAs to AAAs
correlates with both histologic damage and encephalopathy [40]. Increased cerebral uptake of AAAs
results in formation of false neurotransmitters and causes neurologic dysfunction, along with increased
ammonia levels [41]. That said, children with CLD usually do not require protein restriction due to
their increased growth needs [42].

2.4.3. Fats

Cholestasis in CLD results in compromised absorption of fats due to decreased delivery of bile salts
to the small bowel [43]. This can further be aggravated by small bowel bacterial overgrowth, such as in
children who have undergone a Kasai portoenterostomy for biliary atresia, as the bacteria unconjugate
bile salts [44]. Congested gastric and intestinal mucosa from portal hypertension further worsen fat
malabsorption, and medications, such as cholestyramine to treat pruritus, bind bile salts, decreasing
micellar solubilization and thus absorption of di- and monoglycerides from long-chain triglycerides
(LCTs) [30]. Children with Alagille syndrome can also have pancreatic insufficiency and decreased
lipase, which compromises the hydrolysis of triglycerides [45]. Due to these mechanisms, up to 50% of
LCTs, fat-soluble vitamins, and essential polyunsaturated fatty acids (PUFAs) may not be absorbed well
in children with CLD [46–48] and deficiencies in long-chain polyunsaturated fatty acids (LCPs) critical
to neurologic growth and development, such as arachidonic acid and docosahexaenoic acid (DHA),
can develop within 8–12 weeks [30]. Furthermore, children with CLD have increased fat oxidation,
likely due to decreased carbohydrate stores. This increased oxidation further decreases fat stores,
which then are difficult to replete given the presence of fat malabsorption [13,29]. Lastly, impaired bile
flow from cholestasis can result in increased plasma concentration of triglycerides and cholesterol,
which may then deposit in the hands, elbows, knees, ankles, and corneas as xanthomas [49].

2.5. Fat-Soluble Vitamins

CLD affects absorption, metabolism, and storage of fat-soluble vitamins. Decreased delivery
of bile salts to the small bowel results in malabsorption of fat, as well as the fat-soluble vitamins A,
D, E, and K. Without supplementation, fat-soluble vitamin deficiency can develop within 6–12 weeks
of birth [30] and even after supplementation up to 30% of severely cholestatic children will remain
deficient in all fat-soluble vitamins [50,51].

2.5.1. Vitamin A

Vitamin A has the activity of all-trans retinol. Retinol is required for rhodopsin formation
(a pigment required for retina rod cell function and dark adaptation), as well as normal cell
differentiation. In the diet, vitamin A is available as retinyl palmitate from animal sources (dairy,
eggs, fish oils) and as carotenoids from plants (leafy green vegetables, orange-colored fruits, vegetables).
Decreased bile salts in the intestine results in decreased hydrolysis of retinyl esters to retinol, as well as
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decreased formation of micelles, which are required for absorption. Retinol-binding protein (RBP),
which is synthesized by the liver and transports vitamin A to peripheral tissues, is also decreased in
CLD, thus impairing utilization. Vitamin A deficiency can result in night blindness, xerophthalmia,
and keratomalacia [13].

2.5.2. Vitamin D

Vitamin D consists of a group of fat-soluble prohormones and their metabolites, the chief of
which are vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol). These must first undergo
hydroxylation in the liver and kidney before they can be utilized by the body. Vitamin D helps regulate
calcium and phosphorus, and is critical in bone homeostasis. It can be synthesized in the skin when
exposed to sunlight, and can be consumed in the diet from fish oils and fortified dairy products.
In CLD, vitamin D deficiency develops from malabsorption, decreased dietary intake and sunlight
exposure, and compromised liver hydroxylation. Deficiency results in defective bone mineralization,
and if untreated, rickets and fractures [13]. Infants are particularly susceptible, as their bone mineral
content can decrease rapidly over the first two years of life [52]. Breastfed infants with CLD are at even
higher risk, as breastmilk contains low amounts of vitamin D [53].

2.5.3. Vitamin E

Vitamin E, which consists of tocopherols and tocotrienols, has important anti-oxidant properties.
Vitamin E is found in leafy green vegetables, vegetable oils, and nuts. Deficiency in vitamin E in
CLD results from malabsorption, and consequences thereof include problems with nerve conduction,
including peripheral neuropathy, myopathy, and spinocerebellar dysfunction. Vitamin E deficiency
can also result in hemolytic anemia due to oxidative damage to the membranes of red blood cells [54].

2.5.4. Vitamin K

Vitamin K is necessary for carboxylation of glutamic residues on coagulation factors II, VII, IX,
and X, as well as proteins C and S, within the liver. Vitamin K1 [phylloquinone] is found in leafy green
vegetables and dairy products, and vitamin K2 [menaquinone] is synthesized by intestinal bacterial
flora. Deficiency in vitamin K in CLD results from malabsorption and manifests as coagulopathy,
with easy bleeding and bruising [13]. Due to limited ability of the body to store vitamin K, vitamin K
deficiency is one of the earliest fat-soluble vitamin deficiencies to develop in children with CLD [55].

2.6. Trace Elements and Metals

Derangements in trace elements and metals can occur with CLD. Calcium and magnesium are
often depleted in CLD, as vitamin D stimulates their absorption from the intestines. They also bind to
unabsorbed fatty acids, which further decreases their absorption in children with CLD. Iron deficiency
can occur from recurrent gastrointestinal bleeds [13]. Iron deficiency can result in compromised
neurologic development in children [56] and multiple studies have found that children with CLD
demonstrate delays in mental (−1 standard deviation) and motor (−2 standard deviations) function [6].
Zinc deficiency can develop due to malabsorption as well as increased urinary losses, as zinc is
retained in the body by being bound to albumin [57]. Deficiency in zinc results in acrodermatitis,
immunodeficiency, and altered protein metabolism; in addition, zinc deficiency, as well as selenium
deficiency, can exacerbate growth failure and poor protein synthesis [22,58]. In contrast, copper and
manganese levels may be increased in children with cholestasis and CLD, as they are excreted in the
bile [59,60]. Thus, in children with CLD who are receiving total parenteral nutrition (TPN), the amount
of manganese they receive should be closely monitored, as manganese toxicity in the form of deposition
in the basal ganglia can develop [61,62].
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3. Strategies to Manage Malnutrition in Cld

3.1. Nutritional Assessment

Accurate nutritional assessment is critical to the management of children with CLD. Standard
weight and height measurements may be inaccurate in children with CLD, as they can be confounded
by fluid overload, ascites, and organomegaly [30]. Body weight alone may underestimate the incidence
of malnutrition in adults and children with CLD by up to 50% [63]. Linear growth is a more sensitive
parameter, but stunting and growth deceleration do not occur until late in growth failure. Thus, other
measurements, such as triceps or subscapular skinfolds, midarm circumference, and arm muscle
measurements (midarm muscle area), should be used. Triceps, skinfolds, and midarm circumference
are indicators of body fat and protein, and can reveal early loss in fat stores before height and weight
are affected. In children with CLD, triceps skinfold thickness has been shown to be more sensitive
for malnutrition compared to weight-for-height z scores [14,16]. Furthermore, these upper limb
measurements are less affected by edema compared to truncal or lower limb measurements [13].
When growth data are documented, they should be charted as standard deviation scores related
to the median value for the child’s age and sex, where a z-score of 0 is equivalent to the 50th
percentile. This will assist in evaluating whether nutritional interventions are effective. Children
who are particularly at risk for developing malnutrition include those younger than two years in age
with severe cholestasis (bilirubin > 4 mg/dL), progressive liver diseases (biliary atresia and severe
familial intrahepatic cholestasis), end-stage liver disease awaiting liver transplantation, and recurrent
complications of liver disease (ascites, bleeding varices) [30].

Protein markers, such as albumin and prealbumin, are of limited utility in children with CLD.
Albumin may be depressed due to hepatic synthetic dysfunction, inflammation, or acute physiologic
stress [64]. Prealbumin is a more sensitive marker of malnutrition compared to albumin, as it has
a shorter half-life (2 days compared to 18–20 days); that said, prealbumin levels can be normal in
chronic malnutrition [65]. On the other hand, essential fatty acid deficiency can be diagnosed with an
increased serum triene to tetraene ratio (greater than 0.4). Essential fatty acid deficiency may exist in
up to a third of children with end-stage liver disease awaiting liver transplant [22]. Although there are
drawbacks to each of the individual assessment tools, a combination of the tools described can be used
to more clearly evaluate malnutrition.

3.2. Supplementation of Specific Macronutrients and Micronutrients

Because of the increased energy needs of children with CLD, energy intake should be increased to
140–200% of estimated average requirements (EARs). In infants, this can be achieved by concentrating
medium-chain triglyceride (MCT)-containing formulas (an example being Pregestimil by Mead
Johnson Nutrition), so as to increase the number of kilocalories per ounce. Older children can
be supplemented with high-calorie, nutrient-dense drinks (examples including Pediasure Peptide
by Abbott Nutrition, Peptamen by Nestle Healthcare Nutrition). If a sufficient amount cannot be
consumed orally, nasogastric (NG) feedings may be needed [30]. Despite disruption to the GH/IGF-I
axis, GH therapy has not been found to have benefits in children with end-stage liver disease [66,67].

3.2.1. Carbohydrates

Carbohydrates are a major source of energy, and can be particularly useful for increasing caloric
intake. They can be given as monomers, polymers, and starch. Complex carbohydrates such as
maltodextrin and glucose polymers can be particularly useful, as their use restricts the osmolality of
feeds, while maintaining a high-energy density greater than 1 kcal/mL. In infants, glucose polymers
can be added to feeds, while in older children, a supplemental drink can be given, or mixed with fluids
and foods [30].
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3.2.2. Proteins

Protein restriction is rarely needed in children or adults with CLD [68]. Children with CLD require
2–3 g/kg/day of protein, but can tolerate up to 4 g/kg/day without developing encephalopathy [42].
Severe protein restriction (<2 g/kg/day) may be temporarily required in the context of acute
encephalopathy, but should not be continued long-term, as this can lead to endogenous muscle
protein consumption [27].

Given the abnormal AAA to BCAA ratio in children with CLD, there has been interest in whether
BCAA-enriched formulas can have nutritional benefit. Specific hypercaloric formulas with low
salt and lactose, high MCT and BCAA are available [27]. Thus far there is insufficient evidence
to recommend routine use of BCAA-enriched formulas, though there have been studies showing
potential benefit. One study which compared children receiving 32% BCAA formula compared to
standard formula showed improved lean body mass, though no improvement in amino acid levels [69].
Another study evaluated infants receiving 50% BCAA formula compared to 22% BCAA formula,
and demonstrated that infants receiving the 50% BCAA formula had improved protein retention
due to suppressed endogenous protein catabolism and normalization of the plasma amino acid
profile [28]. Animal models of biliary obstruction have increased weight gain, protein and muscle
mass, body composition, and bone mineral density if given BCAAs [70]. That said, numerous studies
in adults have not demonstrated a clear benefit to BCAA supplementation [71].

3.2.3. Fats

MCTs, unlike LCTs, do not require micellar solubilization to be transported into the enterocyte,
and are transferred directly into the enterocyte and to the portal circulation without reesterification [72].
95% of MCTs are absorbed even in very cholestatic children, thus MCTs are critical in managing
nutrition in children with CLD, where absorption of LCTs is highly compromised [73]. Although
30–50% of total fat should be provided as MCTs [13], care should be taken to ensure LCTs are not
eliminated from the diet, as they provide essential fatty acids. Thus, it is necessary to increase overall
total fat intake, in both LCTs and MCTs. For older children, MCT oil and emulsions can be added
to meals, and should be balanced by fats high in LCP content [30]. For infants, formulas containing
up to 75% fat as MCT can be given, but formulas with >80% MCTs can lead to essential fatty acid
deficiency. Increased MCT content can also worsen steatorrhea [74]. The minimal linoleic acid intake
recommended for infants is 1–2% of total energy intake, with a ratio of linoleic to linolenic acid of
5:15.1 [75]. They can be supplemented in the form of walnut or fish oils, as well as dietary products
rich in PUFAs, such as egg yolks [30].

3.3. Fat-Soluble Vitamins

In the presence of direct-reacting serum bilirubin levels greater than 2 mg/dL, the diet should be
adequately supplemented with fat-soluble vitamins [76]. The role of serum bile acid as a surrogate
marker to guide the monitoring of fat-soluble vitamin deficiency is still undefined. In infants with
biliary atresia, total serum bilirubin appears to be a better predictor of fat-soluble vitamin deficiency
compared to serum bile acids, though neither are perfect [77]. Serum vitamin and prothrombin levels
should be monitored to allow proper adjustment of dosages to the specific needs of the patient [78].

3.3.1. Vitamin A

Serum retinol level is the most convenient and practical means of measuring vitamin A status,
though retinol dose response (RDR) is believed to be more reliable but is not widely available (Figure 2).
It is important to monitor levels in children receiving supplementation, as hypervitaminosis A can
lead to potentially fatal hepatotoxicity [13]. Supplementation with 5000–10,000 IU/day may be needed
in children with CLD [30].
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Figure 2. Management of fat-soluble vitamin deficiency in CLD. INR: international normalized
ratio; IU: international unit; PIVKA-II: protein induced in vitamin K absence; PT: prothrombin time;
RDR: retinol dose response.

3.3.2. Vitamin D

Serum 25-OH D is the most abundant vitamin D metabolite in the body, and can be used to monitor
vitamin D status. Low levels of 25-OH D are associated with reduced bone mineral density in children
with CLD [52]. It is important to optimize vitamin D levels before liver transplantation due to the
use of corticosteroids post-transplant, which can compromise bone density [79]. Co-supplementation
with a micellar vitamin E formulation can improve vitamin D absorption in children with cholestatic
liver disease [80] and 25-OH D3 is more water-soluble and thus better absorbed compared to vitamin
D2 [81]. 25-OH D levels, along with calcium and phosphorus, should be monitored to prevent vitamin
D overdose. Up to 400 IU/day can be given as supplementation; however, children who are deficient
may need substantially higher doses [13].

3.3.3. Vitamin E

The serum tocopherol level is commonly used to measure vitamin E status, though the
alpha tocopherol/total lipids ratio is more specific [82]. D-alpha-tocopheryl polyethylene glycol
1000 succinate (TPGS) is the most readily absorbed form of vitamin E in cholestatic patients, as it can
form micelles without the need for bile salts [13]. Unfortunately, correction of vitamin E deficiency
may not reverse severe spinocerebellar degeneration [83], but it can reverse most other neurologic
complications [84]. Supplementation with 50–400 IU/day of TPGS may be needed in children with
CLD [30].

3.3.4. Vitamin K

The PIVKA-II [protein induced in vitamin K absence] assay is the most sensitive for measuring
vitamin K deficiency, but it is not widely available [50,85]. Therefore, vitamin K status is usually
evaluated by checking coagulation values, including prothrombin time (PT) and international
normalized ratio (INR). Deficiency can be diagnosed if these values improve after a dose of parenteral
vitamin K [13]. Supplementation with 2.5–5 mg/day of vitamin K may be needed [30], though oral
vitamin K, even in micellar form, is poorly absorbed in children with CLD [86]. This is further
exacerbated by medications commonly used to treat encephalopathy, such as lactulose, which
reduces intestinal bacterial production of vitamin K. Thus, intermittent parenteral repletion may
be required [13].

3.4. Water-Soluble Vitamins and Minerals

Water-soluble vitamins should also be supplemented in children with CLD in the form of a
multivitamin. For minerals, including selenium, zinc, calcium, and magnesium, supplementation
should be based from plasma levels. Iron may need to be supplemented in children with chronic blood
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loss from gastrointestinal bleeds [30]. Repletion of zinc and magnesium in particular may be helpful,
as zinc plays a role in immune function and tissue repair [13], while magnesium may help improve
bone status [87].

3.5. Mode of Delivery

Nutritional supplementation should be given enterally whenever possible. Enteral nutrition has
numerous advantages over parenteral nutrition: it is cheaper, more physiologic, does not come with
the risk of catheter-associated bloodstream infections, maintains gastrointestinal tract immunity as
well as gut barrier integrity, and reduces bacterial overgrowth. However, as discussed in a previous
section, many children with CLD are unable to orally consume sufficient calories to treat or prevent
malnutrition. Therefore, NG tube feedings are often required. Gastrostomy tubes are generally
avoided in children with CLD due to portal hypertension and the potential for stomal varices to
develop, placement difficulty due to organomegaly, and risk of peritoneal infection with ascites [8,68];
they may be helpful in children with stable compensated liver disease such as cystic fibrosis [30].
With modern soft Silastic™ (Dow Corning Corporation, Midland, MI, USA) NG tubes, NG feeds are
safe even in patients with esophageal varices [42,88–90]. Using a NG tube for nocturnal feeds is usually
the first choice, as it allows for normal oral feeding during the day while supplementing overnight.
Nocturnal feeding is also helpful in infants with severe CLD, as it prevents fasting hypoglycemia and
reduces protein catabolism. Children with severe malabsorption or feeding intolerance may require
continuous feeds [30]. Intensive enteral NG feeding can successfully reverse malnutrition in children
with CLD, as well as decrease parental anxiety [42,73,91]. However, feeding aversion can also develop,
especially in infants who have received long-term NG feeds. This is further aggravated by the need
for often unpalatable medication and formulas. Thus, involvement of a multidisciplinary care team
including dieticians, psychologists, and speech and occupational therapists is critical. Strategies to
prevent feeding aversion include promoting daytime oral intake, as well as encouraging children to
experiment with various age-appropriate flavors and textures [73].

Some children with CLD will require parenteral nutrition. These include children who cannot
tolerate enteral nutrition due to feeding intolerance, or those with recurrent variceal bleeding.
In the short-term, parenteral nutrition is not associated with hepatobiliary dysfunction or worsened
cholestasis, though these certainly do occur with long-term use [92]. Standard amino acid and lipid
formulations are well tolerated in patients with stable CLD, though triglyceride levels should be
closely monitored in children with severe liver disease, hepatic encephalopathy, and sepsis. Amino
acid levels should also be monitored. If encephalopathy does develop, the amino acid content can be
decreased to 1–2 g/kg/day [30]. Manganese levels also need to be monitored given the potential for
manganese toxicity to exacerbate CLD [93,94]. Parenteral nutrition is particularly helpful in children
with acute fulminant liver failure, as these children are in a hypercatabolic state. In these children,
standard formulations can be used, but the total volume should be restricted to 75% of maintenance,
and concentration may need to be further increased to prevent hypoglycemia. Protein restriction
should not be needed, especially if the patient is being electively ventilated [30].

4. Effect of Liver Transplantation on Nutritional Status [Figure 3]

Malnutrition is a significant risk factor for both morbidity and mortality related to liver
transplantation, thus nutritional support is of utmost importance in children with CLD prior to
undergoing transplant (Figure 3) [15,95,96]. Children who were malnourished prior to transplant may
require support with parenteral nutrition peri-operatively, while children with normal nutritional
status prior to transplant can start enteral feedings with rapid buildup of calories within 3–5 days
postoperatively. Children after liver transplant require at least 120% of EAR post-operatively, which
can be administered in the form of high-energy pediatric and infant formulas, either orally or via
nasogastric tube [30]. Children with oral aversion pre-operatively will likely require nasogastric
supplementation post-operatively for up to two months; regular diet for age is usually achieved by six
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months [97]. Energy intake should include 6–8 g/kg/day of carbohydrates, 2.5–3 g/kg/day of protein,
and 5–6 g/kg/day of fat [30].

Figure 3. Nutritional needs of children with CLD before and after liver transplant. EAR: estimated
average requirements; LCT: long-chain triglycerides; MCT: medium-chain triglycerides.

Preoperative nutritional status also affects postoperative growth. Children who are more stunted,
with a height standard deviation score (SDS) >−2, grow more rapidly after a transplant, but may not
achieve normal height. This is in contrast to children who are less stunted: while their initial growth
velocity post-operatively is slower, they ultimately achieve normal growth velocity [98]. There is no
difference in catch-up growth between genders or pre-transplantation liver disease; the exception
being Alagille syndrome, which is associated with growth failure, both before and after a transplant,
in up to 50% of patients [99,100]. Recombinant GH has been trialed in eight growth-retarded children
after a transplant, and while there were increases in both median growth rate and height SDS, growth
velocity was not maintained beyond the first year [101].

Ultimately, nutritional rehabilitation can be achieved with liver transplantation [73,102,103].
After transplantation, there is a rapid return to normal midarm muscle area and midarm fat within
3–6 months [103,104] and catch-up growth is usually achieved within 18 months [15]. However,
it can take months to years for bone density to return to normal. Osteoporosis and fractures have been
described within 3–6 months after a transplant, and can be exacerbated by glucocorticoid therapy
required after a transplant [67]. Long-chain PUFA and BCAA metabolism also take time to normalize
after a transplant [71,105] and abnormalities in IGF-binding proteins BP1, BP2, and BP3 persist for
several months [106].

5. Conclusions

Malnutrition is common in children with CLD, and requires aggressive and appropriate
management to correct nutritional deficiencies. Infants with CLD are particularly susceptible to
malnutrition given their low reserves. Children with CLD would benefit from early intervention by a
multi-disciplinary team, to try to achieve nutritional rehabilitation, as well as to optimize outcomes for
liver transplantation.
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Abstract: Sarcopenia impairs survival in patients with hepatocellular carcinoma (HCC). This study
aimed to clarify the factors that contribute to decreased skeletal muscle volume in patients with HCC.
The third lumbar vertebra skeletal muscle index (L3 SMI) in 351 consecutive patients with HCC
was calculated to identify sarcopenia. Sarcopenia was defined as an L3 SMI value ≤ 29.0 cm2/m2

for women and ≤ 36.0 cm2/m2 for men. The factors affecting L3 SMI were analyzed by multiple
linear regression analysis and tree-based models. Of the 351 HCC patients, 33 were diagnosed as
having sarcopenia and showed poor prognosis compared with non-sarcopenia patients (p = 0.007).
However, this significant difference disappeared after the adjustments for age, sex, Child–Pugh score,
maximum tumor size, tumor number, and the degree of portal vein invasion by propensity score
matching analysis. Multiple linear regression analysis showed that age (p = 0.015) and sex (p < 0.0001)
were significantly correlated with a decrease in L3 SMI. Tree-based models revealed that sex (female)
is the most significant factor that affects L3 SMI. In male patients, L3 SMI was decreased by aging,
increased Child–Pugh score (≥56 years), and enlarged tumor size (<56 years). Maintaining liver
functional reserve and early diagnosis and therapy for HCC are vital to prevent skeletal muscle
depletion and improve the prognosis of patients with HCC.

Keywords: hepatocellular carcinoma; skeletal muscle depletion; sarcopenia; prognostic factor

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide. Typically,
patients with HCC have a poor clinical course as the prognosis is strongly affected by liver functional
reserve and clinical cancer stage [1,2]. The recurrence rate of HCC is extremely high, which is also
associated with the poor prognosis [3]. To identify patients with a high mortality risk and to choose
the most adequate treatment, a precise prediction of the prognosis of patients with HCC is essential.
Thus, several prognostic staging systems, such as Barcelona Clinic Liver Cancer (BCLC) [4], Cancer of
the Liver Italian Program (CLIP) [1], and Japan Integrated Staging (JIS) [2], most of which take both
clinical cancer stage and liver functional reserve into consideration, have been developed.

Recently, skeletal muscle depletion or sarcopenia, initially defined as the loss of skeletal muscle
mass that occurs with aging [5], has garnered attention as a new and promising prognostic factor for
various malignancies, including HCC [6–10]. Skeletal muscle volume depletion assessed by computed
tomography (CT) predicts poor prognosis of all cancer stages [11], and for sorafenib-treated patients
with HCC [12]. Sarcopenia and rapid skeletal muscle depletion are also involved in worse survival in
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patients with liver cirrhosis [13,14]. These findings strongly suggest that sarcopenia is a significant
factor that predicts the prognosis of patients with HCC and liver cirrhosis.

Several pathological conditions, including advanced organ failure, inflammatory disease,
malignancy, endocrine disease, sedentary lifestyle, and malnutrition are associated with skeletal muscle
depletion [5,15]. In liver disease, the following points can be considered as the main mechanisms of
sarcopenia: protein energy malnutrition; imbalance of protein synthesis and breakdown; increased
expression of myostatin, a cytokine that strongly suppresses skeletal muscle growth; and increased
production of reactive oxygen species and inflammatory cytokines [16]. Therefore, sarcopenia could
be a result of various pathological conditions, such as poor liver functional reserve or advanced cancer
stages, which in turn affects survival of patients with HCC. However, the precise factors that enhance
the progression of sarcopenia and worsen the prognosis of HCC patients have not been evaluated.

The purpose of this study is to identify the factors that contribute to skeletal muscle depletion
in HCC patients, especially focusing on liver functional reserve and cancer progression. Based on
the results of this study, we will also discuss how to prevent skeletal muscle depletion and improve
prognosis in patients with HCC.

2. Materials and Methods

2.1. Patients, Treatment, and Follow-Up Strategy

We evaluated 351 consecutive HCC patients in our hospital between May 2006 and December
2015. HCC nodules were detected using imaging modalities, including dynamic CT, dynamic magnetic
resonance imaging (MRI), and abdominal arteriography. HCC was diagnosed based on a typical
hypervascular tumor stain on angiography and typical dynamic study findings of enhanced staining
in the early phase and attenuation in the delayed phase. The treatment plan in each case was according
to the Clinical Practice Guidelines for HCC issued by the Japan Society of Hepatology (JSH) [17].
Patients were thereafter followed on an outpatient basis and had dynamic CT, MRI, or ultrasound
every three months after the initial treatment. Recurrent HCC was diagnosed when the typical findings
of HCC were observed, and the treatment was still based on the aforementioned guidelines for HCC.
Overall survival was defined as the interval from the date of the initial treatment to the date of death
or December 2015 for surviving patients. All study participants provided verbal informed consent,
which was considered sufficient because this study followed an observational research design that
did not require new human biological specimens, and instead relied only on preexisting materials.
The study design—including this consent procedure—was approved by the ethics committee of the
Gifu University School of Medicine on 7 June 2017 (ethic approval code: 29–26).

2.2. Image Analysis of Skeletal Muscle Volume and Definition of Sarcopenia

Skeletal muscle volume was measured using a CT image that had been taken solely for the
purpose of diagnosing HCC prior to the initial treatment. A transverse CT image at the third lumbar
vertebra (L3) in the inferior direction was assessed. The muscles in the L3 region—including psoas,
erector spinae, quadratus lumborum, transversus abdominis, external and internal obliques, and rectus
abdominis—were analyzed using SYNAPSE VINCENT software (version 3.0, Fujifilm Medical, Tokyo,
Japan), which enables specific tissue demarcation using Hounsfield unit (HU) thresholds. The muscles
were quantified within a range of −29 to +150 HU [18], and tissue boundaries were manually corrected
as needed. The cross-sectional areas of the muscle (cm2) at the L3 level computed from each image were
normalized by the square of the height (m2) to obtain the L3 skeletal muscle index (L3 SMI, cm2/m2),
which was used as an indicator of skeletal muscle volume in previous reports [11,12,16]. Sarcopenia
was defined as an L3 SMI value ≤29.0 cm2/m2 for women and ≤36.0 cm2/m2 for men, which is
according to a previous study [11].
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2.3. Statistical Analysis

Overall survival was estimated using the Kaplan–Meier method, and differences between curves
were evaluated using the log-rank test. To exclude the effect of possible confounding factors between
sarcopenia and non-sarcopenia groups, we performed rigorous adjustments for the following six
factors using a propensity score matching analysis: age, sex, Child–Pugh score (CPS), tumor size,
tumor number, and the degree of portal vein invasion, which were considered as prognostic factors
for HCC patients by previous studies [1,2,4], and showed significant differences between the two
groups. The propensity score matching analysis was performed based on the following algorithm:
1:1 optimal match with calipers of width 0.2 of the standard deviation of the logit of the propensity
score and no replacement [19]. To identify which of the six factors contributed to decreased L3 SMI, we
conducted a multiple linear regression analysis. A tree-based model analysis, which uses the binary
recursive partitioning process of the population, was also performed; thus, L3 SMI is similar in patients
within each group but different between groups [20,21]. Statistical significance was defined as p < 0.05.
All statistical analyses were performed using R version 3.3.1 (The R Project for Statistical Computing,
Vienna, Austria; http://www.R-project.org/).

3. Results

3.1. Baseline Characteristics and Laboratory Data of Patients

The baseline characteristics and laboratory data of the 351 patients (242 male and 109 female;
average age, 70.4 years) are shown in Table 1. The average L3 SMI for all enrolled patients was
43.7 cm2/m2, and 33 patients were classified into the sarcopenia group. The average tumor size was
4.2 cm, and 188 patients received curative treatment.

Table 1. Baseline demographic and clinical characteristics.

Variables Total (n = 351)

Sex (male/female) 242/109
Age (years) 70.4 ± 10.3
Etiology (HBV/HCV/HBV + HCV/others) 43/204/3/101
BMI (kg/m2) 23.1 ± 3.4
L3 SMI (cm2/m2) 43.7 ± 8.6
Sarcopenia (yes/no) 33/318
Child–Pugh score (5/6/7/8/9/10/11) 179/84/52/20/9/6/1
ALB (g/dL) 3.6 ± 0.6
ALT (IU/L) 46.9 ± 44.3
T-Bil (mg/dL) 1.2 ± 1.0
PLT (×104/μL) 13.1 ± 7.8
PT (%) 85.3 ± 16.7
FPG (mg/dL) 110.6 ± 34.2
HbA1c (%) 6.0 ± 1.1
AFP (ng/dL) 11,557 ± 73,374
PIVKA-II (mAU/mL) 21,056 ± 125,773
Tumor size (cm) 4.2 ± 3.7
Tumor number (1/≥2) 193/158
Vp (0/1/2/3/4) 289/15/15/15/17
Stage (I/II/III/IV) 79/126/100/46
Curability of initial treatment (yes/no) 188/163
Oral administration of BCAA (yes/no) 153/198
Co-existing diseases (yes/no)

Renal disease 22/329
Heart disease 45/306
Respiratory disease 16/335
Neurologic disease 22/329
Malignant disease (except HCC) 27/324

Values are presented as average ± standard deviation. HBV, hepatitis B virus; HCV, hepatitis C virus; BMI, body
mass index; L3 SMI, third lumbar vertebra skeletal muscle index; ALT, alanine aminotransferase; T-Bil, total bilirubin;
PLT, platelet count; PT, prothrombin time; FPG, fasting plasma glucose; AFP, alpha-fetoprotein; PIVKA-II, protein
induced by vitamin K absence or antagonists-II; Vp, the degree of portal vein invasion; BCAA, branched-chain
amino acids; HCC, hepatocellular carcinoma.
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3.2. Comparison of Overall Survival in Sarcopenia and Non-Sarcopenia Groups before and after Adjustments
for Possible Confounding Factors

The one-, three-, and five-year overall survival rates of all enrolled patients were 83.0, 61.8,
and 42.2%, respectively (Figure 1a). Table 2 shows the clinical characteristics and laboratory data of the
sarcopenia (n = 33) and non-sarcopenia (n = 318) groups. Significant differences in sex (male/female =
30/3 vs. 212/106, p = 0.003), body mass index (BMI; kg/m2, 20.8 vs. 23.3, p < 0.0001), the value
of L3 SMI (cm2/m2; 30.8 vs. 45.1, p < 0.0001), CPS (5/6/7/8/9/10/11 = 15/7/5/2/0/3/1 vs.
164/77/47/18/9/3/0, p = 0.039), total bilirubin (mg/dL; 1.6 vs. 1.2, p = 0.045), maximum tumor
size (cm; 5.6 vs. 4.0, p = 0.020), the degree of portal vein invasion (Vp 0/1/2/3/4 = 24/1/2/2/4 vs.
265/14/13/13/13, p = 0.040), curability of initial treatment (yes/no, 12/21 vs. 175/142, p = 0.039),
and prevalence rate of neurologic disease (yes/no, 6/27 vs. 16/302, p = 0.011) were found. Sarcopenia
patients died significantly earlier than non-sarcopenia patients (p = 0.007, Figure 1b).

Figure 1. Kaplan–Meier curves for overall survival time in (a) all patients; (b) subgroups (i.e., sarcopenia
and non-sarcopenia groups); and (c) subgroups after adjustments for possible confounding factors (age,
sex, Child–Pugh score, maximum tumor size, tumor number, and the degree of portal vein invasion)
using propensity score matching analysis.
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Table 2. Baseline demographic and clinical characteristics of sarcopenia and non-sarcopenia groups.

Variables Sarcopenia (n = 33) Non-Sarcopenia (n = 318) p Value

Sex (male/female) 30/3 212/106 0.003
Age (years) 72.6 ± 1.8 70.2 ± 0.6 0.197
Etiology (HBV/HCV/HBV + HCV/other) 3/22/0/8 40/182/3/93 0.868
BMI (kg/m2) 20.8 ± 0.6 23.3 ± 0.2 <0.0001
L3 SMI (cm2/m2) 30.8 ± 1.3 45.1 ± 0.4 <0.0001
Child–Pugh score (5/6/7/8/9/10/11) 15/7/5/2/0/3/1 164/77/47/18/9/3/0 0.039
ALB (g/dL) 3.5 ± 0.1 3.6 ± 0.03 0.315
ALT (IU/L) 52.2 ± 7.7 46.4 ± 2.5 0.805
T-Bil (mg/dL) 1.6 ± 0.2 1.2 ± 0.06 0.045
PLT (×104/μL) 14.5 ± 1.4 13.0 ± 0.4 0.276
PT (%) 89.1 ± 2.9 84.9 ± 0.9 0.176
FPG (mg/dL) 113.3 ± 6.0 110.3 ± 2.0 0.958
HbA1c (%) 6.2 ± 0.2 6.0 ± 0.07 0.356
AFP (ng/dL) 4133 ± 12983 12,319 ± 4158 0.549
PIVKA-II (mAU/mL) 35,910 ± 21,910 19,475 ± 7149 0.476
Tumor size (cm) 5.6 ± 0.6 4.0 ± 0.2 0.020
Tumor number (1/≥2) 20/13 173/145 0.505
Vp (0/1/2/3/4) 24/1/2/2/4 265/14/13/13/13 0.040
Stage (I/II/III/IV) 8/7/12/6 71/117/88/42 0.303
Curability of initial treatment (yes/no) 12/21 176/142 0.039
Oral administration of BCAA (yes/no) 17/16 136/182 0.361
Co-existing diseases (yes/no)

Renal disease 2/31 20/298 1.000
Heart disease 5/28 40/278 0.593
Respiratory disease 0/33 16/302 0.381
Neurologic disease 6/27 16/302 0.011
Malignant disease (except HCC) 0/33 27/291 0.093

Values are presented as average ± standard deviation. HBV, hepatitis B virus; HCV, hepatitis C virus; BMI, body
mass index; L3 SMI, third lumbar vertebra skeletal muscle index; ALT, alanine aminotransferase; T-Bil, total bilirubin;
PLT, platelet count; PT, prothrombin time; FPG, fasting plasma glucose; AFP, alpha-fetoprotein; PIVKA-II, protein
induced by vitamin K absence or antagonists-II; Vp, the degree of portal vein invasion; BCAA, branched-chain
amino acids; HCC, hepatocellular carcinoma.

To clarify the effects of sarcopenia on the prognosis of HCC patients, a propensity score matching
analysis was performed after adjusting for liver functional reserve and tumor-related factors. Thirty
patients from both sarcopenia and non-sarcopenia groups were chosen (Table 3). No significant
differences in all variables except BMI (20.7 vs. 23.2, p = 0.002) and L3 SMI (30.5 vs. 46.8, p < 0.0001)
were found; the adjustments were performed properly. Interestingly, the significant difference in
the overall survival between sarcopenia and non-sarcopenia patients observed in the initial analysis
(Figure 1b) disappeared after the adjustments for possible confounding factors (p = 0.546, Figure 1c).

Table 3. Baseline demographic and clinical characteristics of sarcopenia and non-sarcopenia groups
after adjustments for possible confounding factors using propensity score matching analysis.

Variables Sarcopenia (n = 30) Non-Sarcopenia (n = 30) p Value

Sex (male/female) 27/3 28/2 1.000
Age (years) 71.8 ± 9.7 73.0 ± 10.7 0.642

Etiology (HBV/HCV/HBV + HCV/other) 3/21/0/6 3/20/1/6 0.918
BMI (kg/m2) 20.7 ± 3.0 23.2 ± 2.8 0.002

L3 SMI (cm2/m2) 30.5 ± 6.4 46.8 ± 7.4 <0.0001
Child–Pugh score (5/6/7/8/9/10/11) 14/7/5/2/0/1/1 14/9/6/0/1/0/0 0.660

ALB (g/dL) 3.6 ± 0.7 3.6 ± 0.6 0.984
ALT (IU/L) 48.8 ± 57.7 41.8 ± 22.7 0.543

T-Bil (mg/dL) 1.4 ± 1.0 1.0 ± 0.5 0.106
PLT (×104/μL) 14.5 ± 13.0 13.4 ± 4.9 0.656

PT (%) 89.8 ± 14.4 87.7 ± 15.5 0.589
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Table 3. Cont.

Variables Sarcopenia (n = 30) Non-Sarcopenia (n = 30) p Value

FPG (mg/dL) 114.8 ± 40.2 113.6 ± 47.9 0.918
HbA1c (%) 6.3 ± 1.6 5.8 ± 1.2 0.226

AFP (ng/dL) 3531 ± 12,997 1480 ± 4268 0.423
PIVKA-II (mAU/mL) 22,979 ± 89,165 10,893 ± 46,387 0.518

Tumor size (cm) 5.0 ± 3.9 4.4 ± 3.8 0.534
Tumor number (1/≥2) 18/12 18/12 1.000

Vp (0/1/2/3/4) 24/1/2/1/2 22/3/1/2/2 0.852
Stage (I/II/III/IV) 8/7/10/5 7/11/5/7 0.427

Curability of initial treatment (yes/no) 12/18 17/13 0.301

Values are presented as average ± standard deviation. HBV, hepatitis B virus; HCV, hepatitis C virus; BMI, body
mass index; L3 SMI, third lumbar vertebra skeletal muscle index; ALT, alanine aminotransferase; T-Bil, total bilirubin;
PLT, platelet count; PT, prothrombin time; FPG, fasting plasma glucose; AFP, alpha-fetoprotein; PIVKA-II, protein
induced by vitamin K absence or antagonists-II; Vp, the degree of portal vein invasion.

3.3. Significant Factors that Affect L3 SMI Based on Multiple Linear Regression Analysis and
Tree-Based Models

Of the six possible confounding factors (age, sex, CPS, tumor size, tumor number, and the degree
of portal vein invasion), age (p = 0.015) and sex (p < 0.0001) were significantly correlated with the value
of L3 SMI based on multiple linear regression analysis (Table 4). The following regression equation
with an intercept of 46.94 (p < 0.0001) was obtained from Equation (1) and (2):

L3 SMI (cm2/m2) = 46.94 − 0.10 × [Age] + 5.20 (for men) (1)

L3 SMI (cm2/m2) = 46.94 − 0.10 × [Age] (for women) (2)

Table 4. Significant factors affecting L3 SMI by multiple linear regression analysis.

Variables Std. Coefficient Std. Error t Value p Value

Intercept 46.94 3.06 15.33 <0.0001
Age −0.10 0.04 −2.44 0.015

Sex (vs. man) 5.20 0.95 5.46 <0.0001

Std. coefficient, standard coefficient; Std. error, standard error.

Furthermore, according to the tree-based models, the most significant factor contributing to
the value of L3 SMI was sex; the average L3 SMI in men was 46 cm2/m2 and that in women was
40 cm2/m2. In men, the most significant factor for decreased L3 SMI was aging; the average L3 SMI in
men ≥ 56 and < 56 years old was 45 and 50 cm2/m2, respectively. In men ≥ 56 years old, a higher CPS
was involved in the loss of skeletal muscle mass; the average L3 SMI with CPS ≥ 9 and < 9 was 38 and
45 cm2/m2, respectively. In men < 56 years old, an enlarged tumor size was involved in the loss of
skeletal muscle mass; the average L3 SMI with tumor size ≥ 5.7 and < 5.7 cm was 45 and 52 cm2/m2,
respectively. However, these factors observed in men did not affect the L3 SMI in women. The decision
tree for this analysis is shown in Figure 2.

41



Nutrients 2017, 9, 1054

Figure 2. The decision tree for the tree-based models. The differences in L3 SMI between each group
become larger with the six factors (age, sex, Child–Pugh score, maximum tumor size, tumor number,
and the degree of portal vein invasion).

4. Discussion

The results of this study showed that sarcopenia impairs survival in patients with HCC.
These findings are consistent with those of previous studies [6–12]. Thus, skeletal muscle volume
measurement using CT, which is commonly used in the clinical setting for HCC, is useful to predict
the prognosis of patients with this malignancy.

Here, patients in the sarcopenia group had poorer liver functional reserve, larger tumor size,
and more severe portal vein invasion, which significantly contributed to the lower curability of the
initial treatment for HCC. Moreover, men, older patients, and those with poorer liver functional
reserve and larger tumor size had a lower skeletal muscle volume. Several studies revealed that
liver functional reserve and clinical cancer stage are significant prognostic factors for HCC and that,
similar to the results in our study, the progression of underlying liver cirrhosis and HCC, in addition
to aging, are critically involved in the development of sarcopenia and subsequent poor prognosis of
these patients [1,2,4]. The results of the propensity score matching analysis showed that the significant
differences in overall survival between the sarcopenia and non-sarcopenia groups disappeared after
adjustments for the probable confounding factors associated with the patients’ characteristics and
tumor factors. This finding may suggest that the sarcopenia group had clinical characteristics—such as
old age, poor liver functional reserve, and progressed cancer stage—that affect survival.

Several clinical studies have revealed that sarcopenia might be an independent prognostic factor
for HCC [11,12]. In addition, HCC patients with sarcopenia more often have complications with
chemotherapy toxicity and this might make the prognosis of the patients more serious [22,23]. On the
other hand, skeletal muscle volume in HCC patients was determined, at least in part, by sex, age, CPS,
and tumor burden in this study. Based on the findings, it could be said that, at least in men, sarcopenia
is a prognostic factor possibly affected by already-known prognostic factors, including liver functional
reserve and clinical cancer stage [1,2,4]. Most of the existing prognostic staging systems, such as CLIP
and JIS [1,2,4], take liver functional reserve and clinical cancer stage into consideration in predicting
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prognosis for HCC as accurately as possible. Thus, these findings strongly suggest that maintaining
liver functional reserve and early detection and therapy for HCC, which can increase the curability of
initial treatment, are effective strategies to improve the prognosis. In addition, reducing the amount
of tumor burden and maintaining liver functional reserve, which have been reported repeatedly to
improve prognosis for HCC [1,2,4], could be effective measures to prevent skeletal muscle depletion;
however, future prospective study is required to evaluate this hypothesis further.

Other possible strategies to prevent skeletal muscle depletion or to increase skeletal muscle mass
include nutritional and exercise therapies, both of which have been shown to improve outcomes in
patients with liver cirrhosis [24,25]. Oral supplementation with branched chain amino acids is one of
the most promising methods [26–28]. Exercise therapy might also be promising in preventing skeletal
muscle depletion [29]. Moreover, poor dietary or sedentary lifestyle is considered one of the main
causes of sarcopenia [15]; thus, appropriate assessment and modification of lifestyle could be useful to
prevent decreased skeletal muscle volume and subsequently to improve the prognosis of patients with
HCC and liver cirrhosis. Furthermore, pathological conditions—except liver diseases—that can lead to
sarcopenia must also be considered. The aging of HCC patient population is advancing and elderly
patients are easily complicated with several diseases which cause sarcopenia. In the present study,
the prevalence of patients with neurologic disease, which decreases activities of daily living levels,
was significantly high in the sarcopenia group. Therefore, in order to prevent sarcopenia, such patients
might especially be recommended to start rehabilitation as early as possible.

In the present study, aging was critically involved in the complication with sarcopenia in men.
One of the reasons of this phenomenon might be that decreasing of testosterone caused by aging
because this sex hormone is known to promote the growth of skeletal muscle [30]. On the other
hand, aging, progression of CPS, and enlargement of tumor size did not have effects on the loss of
skeletal muscle volume in women. Because women usually store abundance of fat and generate their
energy more preferentially from fat stores than from skeletal muscle stores [31], women might be more
resistant to sarcopenia compared to men. In addition to the present study, several clinical trials have
defined the optimal cutoff values of skeletal muscle volume which are different between men and
women [7,11,32]. These findings may suggest that setting the different cutoff values on every sex is
reasonable to evaluate sarcopenia.

This study has some limitations. First, we used our own cutoff values for L3 SMI (i.e., 29.0 cm2/m2

for women and 36.0 cm2/m2 for men), which are not similar to those of the JSH (i.e., 38.0 cm2/m2

for women and 42.0 cm2/m2 for men) [16], to determine sarcopenia because the latter could not
stratify the risk of mortality for HCC patients. We also did not use the cutoff values reported by the
previous reports [7,32], both of which are widely accepted as appropriate values in western countries,
because they are not applicable to Japanese HCC patients whose BMIs are small and differ considerably
from Western populations. Second, because of the retrospective design of our study, muscle strength
such as grip strength and walking speed, which is usually regarded as a diagnostic criterion for
sarcopenia [15,16], was not assessed. Future prospective studies that examine the most optimal cutoff
values for L3 SMI to diagnose sarcopenia and whether sarcopenia itself worsens the prognosis of
patients with HCC should be performed.

5. Conclusions

We demonstrated that L3 SMI, an indicator of skeletal muscle volume, was significantly decreased
in female HCC patients. In male patients, L3 SMI was significantly affected by aging, liver functional
reserve (≥56 years), and tumor size (<56 years). These findings strongly suggest that more emphasis
should be put on maintaining liver functional reserve and reducing tumor burden, both of which are
well-reported prognostic factors for HCC [1,2,4], especially in patients with sarcopenia. In conclusion,
in addition to the measure for sarcopenia, maintaining liver functional reserve and early detection and
curative therapy for HCC are effective ways to improve the prognosis of chronic liver disease patients,
especially those with HCC.
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Abstract: Aims: To investigate the influence of skeletal muscle mass index (SMI) as determined by
bioimpedance analysis (BIA) (appendicular skeletal muscle mass/(height)2) on survival by comparing
the Child-Pugh score in patients with liver cirrhosis (LC, n = 383, average age = 65.2 years). Patients
and methods: In terms of comparison of the effects of SMI and other markers on survival, we used
time-dependent receiver operating characteristics (ROC) analysis. Results: The average SMI for
male was 7.4 cm2/m2 whereas that for female was 6.0 cm2/m2 (p < 0.0001). As for the Child-Pugh
score, five points were in the majority, both in males (51.7%, (106/205)) and females (44.9%, (80/178)).
For both genders, the survival curve was well stratified according to SMI (p < 0.0001 for males and
p = 0.0056 for females). In the multivariate analysis for survival, SMI and Child-Pugh scores were
found to be significant both in males and females. In time-dependent ROC analyses, all area under
the ROCs (AUROCs) for SMI in each time point were higher than those for Child-Pugh scores in
males, while in females AUROCs for Child-Pugh scores at each time point were higher than those for
SMI. Conclusion: SMI using BIA can be helpful for predicting outcomes, at least in male LC patients.

Keywords: liver cirrhosis; bioimpedance analysis; skeletal muscle mass index; Child-Pugh
score; prognosis

1. Introduction

The liver is the pivotal organ for metabolism and it metabolizes carbohydrates, lipids, and proteins,
which are the so-called “three major nutrients” [1–4]. Liver cirrhosis (LC) is an end-stage form
in liver diseases and LC is characterized by several metabolic or nutritional disorders and portal
hypertension-related complications such as ascites or varices, all of which can lead to dismal clinical
outcome [1–4]. Over the past two or three decades, numerous clinical and biochemical predictors
have been proposed in an effort to more accurately predict the prognosis in LC patients and evaluate
their short and long-term survival correctly [5–9]. The Child-Pugh scoring system and the Model
for End-stage Liver Disease (MELD) scoring system are two major prognostic scoring systems in LC
patients [5–9]. In particular, the MELD score is calculated by three easily available and reproducible
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laboratory tests and is useful for predicting outcomes for patients undergoing liver transplantation
(LT) [5]. In our country, LT is not common due to the shortage of transplanted liver and the Child-Pugh
scoring system has been preferably used for assessing prognosis in LC patients.

Sarcopenia is a clinical entity as determined by skeletal muscle mass loss and decline of
muscle strength and this clinical entity has recently drawn much attention among clinicians owing
to its significant deleterious impact on outcomes [10–16]. LC can be associated with secondary
sarcopenia because of protein metabolic disorder and/or energy metabolic disorder [11,14,15].
Skeletal muscle mass loss can be linked to poorer clinical outcomes in LC patients, hepatocellular
carcinoma (HCC) patients, or patients with other malignancies [17–26]. Skeletal muscle mass can
be assessed by computed tomography (CT), magnetic resonance imaging (MRI), dual energy X-ray
absorptiometry and bioimpedance analysis (BIA), which are consistent and accurate assessment
modalities [14,15,17,19,27,28]. Among these modalities, BIA is particularly attractive since it can
noninvasively determine body composition analysis in LC patients [14,15,17,19,27,28].

However, which of two prognostic markers (i.e., the Child-Pugh scoring system and skeletal
muscle mass) has stronger influence on clinical outcomes in patients with LC remains unclear.
Addressing these questions may be clinically of significance. The aim of this study was to investigate
the influence of skeletal muscle mass as determined by data in BIA on survival compared with the
Child-Pugh score in patients with LC.

2. Patients and Methods

2.1. Patients

The current study was a single center retrospective study. Between October 2005 and October 2015,
a total of 529 LC individuals with BIA data available were admitted at the Division of Hepatobiliary and
Pancreatic disease, Department of Internal Medicine, Hyogo College of Medicine, Hyogo, Japan. In our
department, BIA (Inbody 720, Tokyo, Japan) was routinely performed in the resting and standing
position principally on an outpatient basis for patients who consented to nutritional evaluation.
In this analysis, skeletal muscle mass was evaluated using BIA data. Of these patients, patients
with severe ascites (n = 24) were excluded from this study as body weight, body mass index (BMI),
and skeletal muscle mass index (SMI) using BIA may be overestimated in these patients [29,30].
Twenty-three subjects had been lost to follow-up within one year after performing BIA and they
were excluded from this analysis for avoiding bias. In the remaining 482 subjects, 99 had HCC
on radiological findings at baseline and they were also excluded because presence of HCC can
affect the interpretation of BIA data. A total of 383 subjects were therefore analyzed in the current
study. Follow-up observation after BIA included periodical blood tests, radiological assessments by
ultrasonography (US), CT, or MRI in order to detect HCC incidence every 3–6 months. There was
no patient who underwent LT during observation period. LC was diagnosed using pathological
findings, radiological findings such as US, CT, or MRI and/or laboratory data including liver fibrosis
markers [31–33]. In patients with lower serum albumin level (less than 3.5 g/dL), liver supporting
therapies including branched-chain amino acid (BCAA) treatment or late evening snack with BCAA
enriched snacks were in consideration [4,34,35]. In patients with hepatitis virus-related LC, antiviral
treatments including direct acting antivirals, interferon-based regimens or nucleoside analogues
therapy were also in consideration [4,34]. SMI was calculated as reported elsewhere [28]. Briefly,
SMI was defined as “appendicular skeletal muscle mass/(height (m))2” [28]. We retrospectively
investigated the influence of SMI on survival in males and females, as compared with Child-Pugh
scores, which was well established prognostic marker [7–9]. In terms of the comparison of the effects
of SMI and other markers on survival, we used time-dependent receiver operating characteristics
(ROC) analysis [36]. We also investigated parameters associated with overall survival (OS) in the
univariate and multivariate analyses. HCC diagnosis and treatment choices for HCC were as reported
elsewhere [37,38].
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The ethical committee meeting in Hyogo College of Medicine acknowledged the current study
protocol and this study strictly followed all regulations of the Declaration of Helsinki.

2.2. Statistical Analyses

Categorical parameters were compared by Fisher’s exact test. Continuous parameters were
compared by unpaired t-test, Mann-Whitney U test, or Kruskal-Wallis test, as applicable. In continuous
parameters, ROC curve analysis for survival was conducted for the purpose of setting the optimal
cutoff point that is linked to maximal sum of specificity and sensitivity and we classified continuous
parameters into two groups using these cutoff points, which was then treated as dichotomous
covariates in the univariate analysis. Survival curve was created by using the Kaplan-Meier method
and compared in the log-rank test. Parameters with p value < 0.05 in the univariate analysis were
finally subjected to the multivariate analysis in the Cox proportional hazards model. OS was defined
as the time interval from the date of performing BIA until death from any cause or the last follow-up
visit. Additionally, we analyzed time-dependent ROC curves of SMI, Child-Pugh scores, and variables
which revealed to be significant in the multivariate analysis for survival, and compared between area
under the ROCs (AUROCs) for above parameters in each time point (two-, three-, four-, five-, six-,
and seven-years) [36].

Data are shown as the average ± standard deviation (SD) unless otherwise mentioned. Statistical
significance was set at p < 0.05. Statistical analysis was performed with the JMP 11 (SAS Institute Inc.,
Cary, NC, USA).

3. Results

3.1. Baseline Characteristics

The baseline characteristics of the analyzed subjects (n = 383) are presented in Table 1. They
included 205 males and 178 females with an average ± SD age of 65.2 ± 10.3 years. The median
follow-up periods were 3.2 years (range: 0.2–10.7 years). The average ± SD value in SMI for male
was 7.4 ± 0.9 cm2/m2 whereas that for female was 6.0 ± 0.7 cm2/m2 (p < 0.0001). According to the
Asian Working Group for Sarcopenia criteria (AWGS), the cut-off values for SMI are 7.0 kg/m2 for
male and 5.7 kg/m2 for female. [28] The proportion of decreased SMI (D-SMI: less than each cutoff
value as defined by AWGS criteria) in male was 36.1% (74/205) and that in female was 34.8% (62/178).
A total of 136 patients (35.5%) had D-SMI. As for Child-Pugh scores, five points was in the majority,
both in males (51.7%, (106/205)) and females (44.9%, (80/178)). In males, SMI significantly correlated
with age (overall significance, p < 0.0001), while in females it did not (overall significance, p = 0.1921)
(Figure 1A,B). In both males and females, SMI significantly correlated with BMI (p values, both <0.0001)
(Figure 1C,D). In both males (p = 0.3716) and females (p = 0.1330), SMI did not significantly correlate
with the Child-Pugh classification (Figure 1E,F).

3.2. Cumulative OS Rates for the Entire Cohort, Male and Female According to SMI

For the entire cohort (n = 383), the one-, three-, and five-year cumulative OS rates were 92.7%,
82.4%, and 59.2%, respectively, in patients with D-SMI, and 97.2%, 92.2%, and 84.4%, respectively,
in patients without D-SMI (p < 0.0001) (Figure 2). For males (n = 205), the one-, three-, and five-year
cumulative OS rates were 91.9%, 78.0%, and 53.6%, respectively, in patients with D-SMI, and 96.2%,
92.0%, and 84.7%, respectively, in patients without D-SMI (p < 0.0001) (Figure 3A). For females (n = 178),
the one-, three-, and five-year cumulative OS rates were 93.6%, 87.7%, and 66.1%, respectively,
in patients with D-SMI, and 98.3%, 92.4%, and 83.8%, respectively, in patients without D-SMI
(p = 0.0056) (Figure 3B).
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Table 1. Baseline characteristics (n = 383).

Variables
Number or

Average ± SD
Male (n = 205) Female (n = 178)

p Value (Male
vs. Female)

Age (years) 65.2 ± 10.3 64.1 ± 10.8 66.4 ± 9.5 0.0403
Body mass index (kg/m2) 23.3 ± 3.9 23.4 ± 3.8 23.2 ± 4.0 0.6028

Skeletal muscle mass index (cm2/m2) 6.7 ± 1.1 7.4 ± 0.9 6.0 ± 0.7 <0.0001
Causes of liver disease

32/235/116 22/122/61 10/113/55 0.2043Hepatitis B/Hepatitis C/others
Child-Pugh scores, 5/6/7/8/9/10/11 186/93/58/28/13/3/2 106/42/31/15/6/3/2 80/51/27/13/7/0/0 0.2587

Total bilirubin (mg/dL) 1.3 ± 1.1 1.3 ± 1.3 1.2 ± 0.7 0.2319
Serum albumin (g/dL) 3.7 ± 0.53 3.7 ± 0.54 3.6 ± 0.51 0.3897
Prothrombin time (%) 77.0 ± 13.8 77.5 ± 13.4 76.4 ± 14.2 0.4532
Platelets (×104/mm3) 10.6 ± 5.5 10.5 ± 5.3 10.7 ± 5.7 0.8093

Serum sodium (mmol/L) 139.7 ± 2.5 139.3 ± 2.5 140.2 ± 2.6 0.0004
Serum creatinine (mg/dL) 0.74 ± 0.51 0.84 ± 0.65 0.62 ± 0.22 <0.0001
Total cholesterol (mg/dL) 154.0 ± 36.8 152.8 ± 35.4 155.2 ± 38.4 0.5250

Triglyceride (mg/dL) 90.5 ± 45.1 95.5 ± 53.0 84.8 ± 33.0 0.2144
AST (IU/L) 49.3 ± 34.8 49.4 ± 32.3 49.2 ± 37.5 0.9417
ALT (IU/L) 42.6 ± 38.9 43.9 ± 34.2 41.0 ± 43.7 0.0951

Fasting blood glucose (mg/dL) 110.9 ± 34.7 114.8 ± 39.9 106.4 ± 27.0 0.0101
Ascites, yes/no 44/339 25/180 19/159 0.7484

Data are expressed as number or average ± standard deviation (SD). AST: aspartate aminotransferase; ALT:
alanine aminotransferase.

Figure 1. (A,B) Relationship between SMI and age in males (A) and females (B). (C,D) Relationship
between SMI and BMI in males (C) and females (D). (E,F) Relationship between SMI and Child-Pugh
classification in males (E) and females (F). SMI: skeletal muscle mass index; BMI: body mass index.
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Figure 2. Cumulative overall survival for the entire cohort (n = 383). The one-, three-, and five-year
cumulative OS rates were 92.7%, 82.4% and 59.2%, respectively, in patients with decreased SMI (D-SMI),
and 97.2%, 92.2% and 84.4%, respectively, in patients without D-SMI (p < 0.0001). D-SMI was defined
according to the Asian Working Group for Sarcopenia criteria. The cut-off values for SMI are 7.0 kg/m2

for males and 5.7 kg/m2 for females. SMI: skeletal muscle mass index; D-SMI: decreased SMI.

 
Figure 3. Cumulative overall survival for males (A) n = 205 and for females (B) n = 178 in patients with
and without D-SMI. SMI: skeletal muscle mass index; D-SMI: decreased SMI.

Using ROC analysis for survival, the optimal cut-off point for SMI was 7.0 cm2/m2 in males
(AUROC = 0.672, sensitivity = 64.6%, specificity = 69.4%) and 5.4 cm2/m2 in females (AUROC = 0.658,
sensitivity = 45.7%, specificity = 83.9%). When the cut-off value of 5.4 cm2/m2 was adapted to our
female patients (cut-off value for female in WAGS; 5.7 cm2/m2), similar results were obtained. That is,
patients with D-SMI had significantly poorer survival rates than those without D-SMI (p = 0.0076).

3.3. Causes for Death for Males and Females

In male, during the observation period, 48 patients (23.4%) died. The causes for death were
liver failure in 28 patients, HCC progression in 10 patients and miscellaneous causes in 10 patients.
In female, during the observation period, 35 patients (19.7%) died. The causes for death were liver
failure in 28 patients, HCC progression in four patients and miscellaneous causes in three patients.
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3.4. Univariate and Multivariate Analyses of Parameters Contributing to OS for Males

Univariate analysis identified the following factors as significantly associated with OS for
males: age (p = 0.0041); SMI (p < 0.0001); Child-Pugh score (p = 0.0252); aspartate aminotransferase
(p = 0.0150); alanine aminotransferase (ALT) (p = 0.0407); serum albumin (p = 0.0011); serum sodium
(p = 0.0133); serum creatinine (p = 0.0088); and BMI (p = 0.0041) (Table 2a). Since the Child-Pugh score
includes serum albumin, it was not entered into the multivariate analysis, and since age and BMI
significantly correlated with SMI, they were also excluded in the multivariate analysis to avoid the
effect of collinearity. The hazard ratios (HRs) and 95% confidence intervals (CIs) calculated by using
multivariate analysis for the six significant variables (p < 0.05) in the univariate analysis are presented
in Table 2b. SMI (p = 0.0005) and Child-Pugh score (p = 0.0424) were found to be significant predictors
related to OS in the multivariate analysis (Table 2b).

Table 2. (a) Univariate analyses of factors linked to overall survival for males (n = 205). (b) Multivariate
analyses of factors linked to overall survival for male.

(a)

Variables Number of Each Category
Univariate

p Value

Age (years) ≥ 70, yes/no 91/114 0.0041
Cause of liver diseases, B/C/others 22/122/61 0.2746

SMI ≥ 7.0 cm2/m2, yes/no 127/78 <0.0001
Child-Pugh score ≥ 6, yes/no 99/106 0.0252

AST ≥ 29 IU/L, yes/no 146/59 0.0150
ALT ≥ 47 IU/L, yes/no 63/142 0.0407

Serum albumin ≥ 3.7 g/dL, yes/no 113/92 0.0011
Total bilirubin ≥ 2.0 mg/dL, yes/no 29/176 0.1539
Prothrombin time ≥ 77.1%, yes/no 111/94 0.4521

Platelet count ≥ 9.4 × 104/mm3, yes/no 101/104 0.2360
Total cholesterol ≥ 124 mg/dL, yes/no 165/40 0.2398

Triglyceride ≥ 56 mg/dL, yes/no 170/35 0.0649
Serum sodium ≥ 138 mmol/L, yes/no 166/39 0.0133

Fasting blood glucose ≥ 97 mg/dL, yes/no 145/60 0.4942
Serum creatinine ≥ 0.78 mg/dL, yes/no 84/121 0.0088
Body mass index ≥ 23.4 kg/m2, yes/no 91/114 0.0041

Ascites, yes/no 25/180 0.0712

(b)

Variables
Multivariate Analysis

Hazard Ratio 95% CI p Value

SMI (per one cm2/m2) 0.571 0.416–0.777 0.0005
AST (per one IU/L) 1.005 0.987–1.022 0.5683
ALT (per one IU/L) 0.990 0.972–1.008 0.3002

Child-Pugh score (per one point) 1.270 1.020–1.520 0.0424
Serum sodium (per one mmol/L) 0.912 0.807–1.033 0.1481
Serum creatinine (per one mg/dL) 1.104 0.769–1.397 0.4914

CI: confidence interval; SMI: skeletal muscle mass index; AST: aspartate aminotransferase; ALT:
alanine aminotransferase.

3.5. Univariate and Multivariate Analyses of Parameters Contributing to OS for Females

Univariate analysis identified the following parameters as significantly associated with OS for
females: age (p = 0.0214); SMI (p = 0.0076); Child-Pugh score (p = 0.0009); ALT (p = 0.0104); serum
albumin (p = 0.0003); prothrombin time (PT) (p = 0.0355); platelet count (p = 0.0333); triglyceride
(p = 0.0011); serum creatinine (p = 0.0137); BMI (p = 0.0270) and presence of ascites (p < 0.0001)
(Table 3a). As the Child-Pugh score includes serum albumin, PT, and ascites, they were not entered
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into the multivariate analysis, and because BMI significantly correlated with SMI, it was also excluded
in the multivariate analysis to avoid the effect of collinearity. The HRs and 95% CIs calculated by
using multivariate analysis for the seven significant variables (p < 0.05) in the univariate analysis are
presented in Table 3b. SMI (p = 0.0016) and Child-Pugh scores (p < 0.0001) were found to be significant
predictors related to OS in the multivariate analysis (Table 3b).

Table 3. (a) Univariate analyses of factors linked to overall survival for female (n = 178). (b) Multivariate
analyses of factors linked to overall survival for female.

(a)

Variables Number of Each Category
Univariate

p value

Age (years) ≥ 77, yes/no 22/156 0.0214
Cause of liver diseases, B/C/others 10/113/55 0.5037

SMI ≥ 5.4 cm2/m2, yes/no 139/39 0.0076
Child-Pugh score ≥ 6, yes/no 98/80 0.0009

AST ≥ 80 IU/L, yes/no 20/158 0.0544
ALT ≥ 58 IU/L, yes/no 32/146 0.0104

Serum albumin ≥ 3.4 g/dL, yes/no 117/61 0.0003
Total bilirubin ≥ 2.3 mg/dL, yes/no 10/168 0.7607
Prothrombin time ≥ 73.7%, yes/no 103/75 0.0355

Platelet count ≥ 9.7 ×104/mm3, yes/no 92/86 0.0333
Total cholesterol ≥ 176 mg/dL, yes/no 49/129 0.0558

Triglyceride ≥ 72 mg/dL, yes/no 108/70 0.0011
Serum sodium ≥ 139 mmol/L, yes/no 143/35 0.4064

Fasting blood glucose ≥ 89 mg/dL, yes/no 142/36 0.2428
Serum creatinine ≥ 0.63 mg/dL, yes/no 66/112 0.0137
Body mass index ≥ 23.4 kg/m2, yes/no 78/100 0.0270

Ascites, yes/no 19/159 <0.0001

(b)

Variables
Multivariate Analysis

Hazard ratio 95% CI p Value

Age (per one year) 1.018 0.977–1.063 0.3998
SMI (per one cm2/m2) 0.450 0.270–0.731 0.0016

ALT (per one IU/L) 0.987 0.967–1.107 0.0506
Platelet count (per one × 104/mm3) 0.919 0.828–1.008 0.0943

Child-Pugh score (per one point) 1.938 1.400–2.690 <0.0001
Triglyceride (per one mg/dL) 0.998 0.983–1.011 0.7760

Serum creatinine (per one mg/dL) 2.546 0.413–10.860 0.2545

CI: confidence interval; SMI: skeletal muscle mass index; AST: aspartate aminotransferase; ALT:
alanine aminotransferase.

3.6. Time-Dependent ROC Analyses for OS in Males

Results for time-dependent ROC analyses at two-, three-, four-, five-, six-, and seven-years of SMI
and the Child-Pugh scores for males are shown in Figure 4A. All AUROCs for SMI at each time point
were higher than those for Child-Pugh scores, denoting that SMI had consistently superior predictive
ability for OS over Child-Pugh scores.
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Figure 4. (A) Results for time-dependent ROC analyses at two-, three, four-, five-, six-, and seven-years
of SMI and Child-Pugh scores for males; (B) Results for time-dependent ROC analyses at two-, three-,
four-, five-, six-, and seven-years of SMI and Child-Pugh scores for females. ROC; receiver operating
characteristics, AUROC; area under the ROC, SMI; skeletal muscle mass index, CP; Child-Pugh.

3.7. Time-Dependent ROC Analyses for OS in Females

Results for time-dependent ROC analyses at two-, three-, four-, five-, six-, and seven-years of SMI
and Child-Pugh score for female were shown in Figure 4B. All AUROCs for Child-Pugh scores at each
time point were higher than those for SMI, denoting that Child-Pugh scores had consistently superior
predictive ability for OS over SMI.

3.8. Time-Dependent ROC Analyses for OS in Male Patients with Child-Pugh A

Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI and
Child-Pugh scores for male Child-Pugh A patients (n = 148) are shown in Figure 5A. All AUROCs
for SMI in each time point were higher than those for Child-Pugh scores, denoting that SMI had
consistently superior predictive ability for OS over Child-Pugh scores.

 

Figure 5. (A) Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI
and Child-Pugh scores for male Child-Pugh A patients; (B) Results for time-dependent ROC analyses
at two-, three-, four-, and five-years of SMI and Child-Pugh scores for female Child-Pugh A patients.
ROC; receiver operating characteristics, AUROC; area under the ROC, SMI; skeletal muscle mass index.
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3.9. Time-Dependent ROC Analyses for OS in Female Patients with Child-Pugh A

Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI and
Child-Pugh scores for female Child-Pugh A patients (n = 131) are shown in Figure 5B. All AUROCs for
Child-Pugh score in each time point were higher than those for SMI, denoting that Child-Pugh scores
had consistently superior predictive ability for OS over SMI.

3.10. Time-Dependent ROC Analyses for OS in Male Patients with Child-Pugh B or C

Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI and
Child-Pugh scores for male Child-Pugh B or C patients (n = 57) are shown in Figure 6A. All AUROCs
for SMI at each time point were higher than those for Child-Pugh scores, denoting that SMI had
consistently superior predictive ability for OS over Child-Pugh scores.

 

Figure 6. (A) Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI and
Child-Pugh score for male Child-Pugh B or C patients; (B) Results for time-dependent ROC analyses at
two-, three-, four-, and five-years of SMI and Child-Pugh scores for female Child-Pugh B or C patients.
ROC; receiver operating characteristics, AUROC; area under the ROC, SMI; skeletal muscle mass index.

3.11. Time-Dependent ROC Analyses for OS in Female Patients with Child-Pugh B or C

Results for time-dependent ROC analyses at two-, three-, four-, and five-years of SMI and
Child-Pugh scores for female Child-Pugh B or C patients (n = 47) are shown in Figure 6B. At four- and
five-years, Child-Pugh scores had higher AUROC than SMI.

4. Discussion

To the best of our knowledge, this is the first comparative study in SMI and Child-Pugh scores
on clinical outcomes in LC patients. The Child-Pugh scoring system is a well-established prognostic
system in LC patients [5–9]. While, SMI in LC has been currently attracting much attention owing to its
well predictive performance [14–17,19,27,28]. Investigation into the influence of SMI on outcomes in
LC patients is pivotal and, particularly, clarifying which of these two markers has stronger predictive
impact for LC is clinically essential in light of creating a novel prognostic system in LC patients. We,
therefore, conducted this comparative analysis to address this question. Since skeletal muscle mass
significantly can differ between male and female, we analyzed and discussed separately in males
and females.
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In our results, for males, SMI and Child-Pugh scores were revealed to be significant for OS
in the multivariate analysis, and all AUROCs for SMI at each time point were higher than those
for Child-Pugh scores. Additionally, in subgroup analyses for male patients with Child-Pugh A or
Child-Pugh B or C, SMI had consistently higher AUROCs than the Child-Pugh score. For females,
similar results were obtained in the multivariate analysis, however, all AUROCs for Child-Pugh scores
at each time point were higher than those for SMI. These results denote that SMI as a predictor can
perform well as compared with Child-Pugh score at least in male LC patients. Our current results
may provide new information and shed some lights for the better comprehension of prognosis in
LC patients. The significant difference in baseline characteristics in such as SMI, age, serum sodium,
and serum creatinine between males and females can explain the different results according to gender.
In particular, aging can be a significant predictor in LC patients [14,39,40]. Our country is an aging
country [39,40]. The reasons for results in time-dependent ROC analysis in females may be attributed
to our results that SMI did not significantly correlate with age in females.

In view of our current results, some interventional therapies, including BCAA therapy,
testosterone therapy, or exercise, can be considered especially in male LC patients with lower skeletal
muscle mass for ameliorating prognosis [13,35,41–43]. However, firm recommendations for LC patients
are not currently available. As for cut-off value for BIA, AWGS recommends 2SDs below the average
muscle mass of young adults (7.0 cm2/m2 for male and 5.7 cm2/m2 for female) [28]. In our outcome
based ROC analysis, the optimal cut-off points for survival were 7.0 cm2/m2 for males and 5.4 cm2/m2

for females, which were quite similar to recommendations in AWGS and their recommendations were
well validated in our analysis. From the viewpoint of outcome-based analysis, our results may be
worthy of reporting.

As described above, it is of note that SMI significantly correlated with age in males, but not in
females. In general, changes in muscle mass occur with aging and muscle mass loss is a common
condition which is recognized as a part of aging [44]. However, our results showed that the rates of
muscle mass decline can vary according to gender, suggesting that factors other than aging, such as diet
intake and lifestyle, may influence the maintenance of healthy muscle mass [45]. On the other hand,
although the liver transplantation allocation system utilizes MELD score to prioritize organs to the
most ill subjects, MELD scores do not perform better than Child-Pugh scores in non-transplant settings.
In other words, MELD scores can perform well in decompensated LC rather than compensated LC [8].
Due to the high proportion of patients with Child-Pugh A in our cohort, we did not include MELD
scores in the analysis.

Several limitations must be acknowledged in our current analysis. First, this study is a
single-center retrospective observational study utilizing data for BIA and parameters reflecting muscle
function such as hang grip strength or walking speed were not assessed in this analysis. In future
studies, both skeletal muscle mass and muscle function should be evaluated in outcome based analyses.
Second, patients with severe ascites were excluded from our analysis because SMI can be overestimated
in these patients. Thus, the number of Child-Pugh C patients was rather small and our results cannot
be adapted to such patients. Body composition analyses using BIA can be challenging in LC patients
with severe ascites. Finally, various treatments for underlying liver diseases were performed during
follow-up period in each patient, potentially creating bias. However, our study results denoted that
SMI had higher predictive ability, at least in male LC patients. Results in time-dependent ROC analysis
support our assertion for the predictive superiority of SMI over Child-Pugh scores in males.

In conclusion, SMI can be accessible for predicting outcomes, at least in male LC patients. Some
interventions for male patients with lower SMI may be recommended.
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Abstract: Background and aims: We sought to clarify the relationship between virtual touch
quantification (VTQ) in acoustic radiation force impulse and skeletal muscle mass as assessed by
bio-electronic impedance analysis in patients with chronic liver diseases (CLDs, n = 468, 222 males
and 246 females, median age = 62 years). Patients and methods: Decreased skeletal muscle index
(D-SMI) was defined as skeletal muscle index (SMI) <7.0 kg/m2 for males and as SMI <5.7 kg/m2

for females, according to the recommendations in current Japanese guidelines. We examined the
correlation between SMI and VTQ levels and investigated factors linked to D-SMI in the univariate and
multivariate analyses. The area under the receiver operating curve (AUROC) for the presence of D-SMI
was also calculated. Results: In patients with D-SMI, the median VTQ level was 1.64 meters/second
(m/s) (range, 0.93–4.32 m/s), while in patients without D-SMI, the median VTQ level was 1.11 m/s
(range, 0.67–4.09 m/s) (p < 0.0001). In the multivariate analysis, higher VTQ was found to be
an independent predictor linked to the presence of D-SMI (p < 0.0001). In receiver operating
characteristic analysis, body mass index had the highest AUROC (0.805), followed by age (0.721) and
VTQ (0.706). Conclusion: VTQ levels can be useful for predicting D-SMI in patients with CLDs.

Keywords: virtual touch quantification; skeletal muscle mass; bio-electronic impedance analysis;
liver fibrosis marker; predictive ability

1. Introduction

The severity of liver fibrosis in patients with chronic liver diseases (CLDs) is the major determinant
of long-term clinical outcomes, driving both the development of liver-related complications and
mortality [1–4]. Thus, evaluating the degree of liver fibrosis correctly plays a pivotal role for the
control of disease progression and for creating treatment strategies and evaluating the prognosis for
CLD patients [5,6]. High diagnostic accuracy, easy accessibility, and the possibility for follow-up
examinations can lead to the implementation of non-invasive diagnostic methods into daily
clinical practice.

Acoustic radiation force impulse (ARFI), which is a technology designed to measure shear
wave-front at multiple sites to estimate tissue stiffness, is a novel ultrasound-based radiological
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technique for non-invasively assessing the degree of tissue stiffness [7–10]. This modality can evaluate
the degree of liver fibrosis easily and accurately in the clinical settings [10,11]. ARFI elastography
has two modes which involve qualitative response and quantitative response for virtual touch
quantification (VTQ), and it measures transverse shear wave velocity values in meters/second (m/s).
The shear wave velocity reflects tissue stiffness through a simple method: the stiffer the tissue, the
higher shear wave velocity [7–11]. A recent meta-analysis demonstrated that ARFI elastography was
a good method for evaluating the degree of liver fibrosis and had similar predictive value to transient
elastography for significant fibrosis and liver cirrhosis (LC) [12]. Another recent study reported that
spleen stiffness measured by ARFI imaging can predict clinical outcomes for LC patients with high
accuracy [13]. On the other hand, several serum liver fibrosis markers for predicting the degree of
liver fibrosis have been proposed and validated as well as radiological modalities for assessing liver
fibrosis [12,14–16]. Of these, FIB-4 index and aspartate aminotransferase (AST) to platelet ratio index
(APRI) have been the most widely utilized liver fibrosis markers in CLD patients [16–21].

On the other hand, skeletal muscle is regarded as having a role in maintaining energy metabolism
and nutritional status, and the depletion of skeletal muscle mass may be a considerable impairment
circumstance [22–25]. Skeletal muscle mass loss can be affected by aging, while LC is occasionally
associated with this muscular disorder [22,23]. In our previous investigation, the percentage of
skeletal muscle mass loss as determined by bio-electronic impedance analysis (BIA) in LC subjects was
significantly higher than that in subjects with chronic hepatitis without LC [26]. Other studies have
claimed the significant role of muscle mass assessment in LC patients as a helpful marker for reflecting
malnutrition and liver function and for predicting clinical outcomes [26–30]. Recently, sarcopenic
obesity, which is the coexistence of sarcopenia as defined by low muscle mass and muscle strength
and obesity, has been treated with much caution due to its close linkage to clinical outcomes in CLD
patients [31,32].

Considering these reports, the speculation that liver fibrosis marker level is associated with the
development of skeletal muscle loss in patients with CLDs may be true. Several reports showing
that the proportion of decreased skeletal muscle mass (D-SMI) demonstrated a linear increment with
liver fibrosis progression in non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis
(NASH) patients support our hypothesis [33–35]. However, an extensive literature search has not
shown the relationship between skeletal muscle mass and the liver fibrosis markers in CLD patients,
and these clinical questions should be fully addressed. In this study, we sought to clarify the
relationship between radiological or serum liver fibrosis markers (VTQ, FIB-4 index, APRI, and platelet
count) and skeletal muscle mass, as well as to investigate factors linked to the decrease in skeletal
muscle mass in CLD patients.

2. Patients and Methods

2.1. Patients

In this retrospective study, we analyzed 549 patients with CLD who were admitted to the Division
of Hepatobiliary and Pancreatic disease, Department of Internal Medicine, Hyogo College of Medicine,
Hyogo, Japan between October 2008 and May 2014, and were assessed using BIA to diagnose decreased
skeletal muscle mass. All CLD patients who agreed to nutritional evaluation were included. Next,
patients without data for VTQ (n = 48), those with advanced malignancies which potentially affect
the development of muscle mass loss (n = 16), and those with severe ascites (n = 17) were excluded.
Patients with severe ascites were excluded because body weight and body mass index (BMI) may
be overestimated in these patients, and skeletal muscle index (SMI) may also be overestimated by
BIA [26]. Several edematous patients with advanced cirrhosis (Child-Pugh B or C), hypoalbuminemia,
and severe ascites were thus excluded from the current analysis. A total of 468 CLD patients were
therefore analyzed. In this study, 447 patients underwent liver biopsy. For patients without liver biopsy
data (n = 21), LC was determined by radiological findings such as deformity of the liver surface and
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presence of varices. We assessed skeletal muscle mass by employing SMI using BIA at baseline. SMI
indicates appendicular skeletal muscle mass divided by height squared (cm2/m2). D-SMI was defined
as SMI <7.0 kg/m2 for males and as SMI <5.7 kg/m2 for females, according to the recommendations in
current Japanese guidelines [26]. We examined the correlation between SMI and liver fibrosis markers
(VTQ, FIB-4 index, APRI, and platelet count) and investigated factors linked to D-SMI in the univariate
and multivariate analyses.

APRI score was calculated as reported elsewhere: AST level/upper limit of normal level for
AST/platelet count (×109/L) × 100 [17–20]. The FIB-4 index was calculated as reported elsewhere:
age (years) × AST (IU/L) /platelet count (×109/L) ×√

alanine aminotransferase (ALT) (IU/L) [19–21].
Our protocols for liver biopsy were detailed in our previous study, and the degrees of liver fibrosis and
inflammation were determined as reported elsewhere [36]. The ethics committee meeting of Hyogo
college of medicine acknowledged this study protocol (approval number: 2117, approval date: 1 March
2016). And our study protocol conformed to all of the regulations of the Declaration of Helsinki.

2.2. Measurement for VTQ

We have routinely used a Siemens ACUSON S2000/3000 (Mochida Siemens Medical Systems,
Tokyo, Japan) for VTQ measurement. The method for VTQ measurement by ARFI was conducted
as reported elsewhere [10]. Briefly, using intercostal approach by one experienced sonologist,
the examination for VTQ measurement was performed on the right lobe of the liver with a measurement
depth of 2–3 cm below the liver surface. When successful acquisitions for VTQ data six times at different
sites in the liver were obtained on each subject, the median value of these was calculated and data
were presented in m/s [10].

2.3. Statistical Analysis

For quantitative parameters, the statistical analysis between groups was performed using
Student’s t test, Mann-Whitney U-test, Kruskal-Wallis test, Fisher’s exact test, or Spearman’s rank
correlation coefficient rs as appropriate. Parameters with p value < 0.05 in the univariate analysis were
entered into the multivariate analysis utilizing the logistic regression analysis. In the multivariate
analyses, significant variables in the univariate analyses were changed to dichotomous covariates
using each median value. Receiver operating characteristic curve (ROC) analysis for the presence
of D-SMI was performed for calculating the area under the ROC (AUROC) in baseline quantitative
variables. p values of less than 0.05 were considered to suggest significance. Data are presented as
median values (range) unless otherwise mentioned. Statistical analysis was performed with the JMP 11
(SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Baseline Characteristics

The baseline characteristics of the analyzed subjects (n = 468) are shown in Table 1. There are
222 males and 246 females with the median (range) age of 62 (18–90) years. In terms of liver fibrosis
stages, F4 was observed in 178 patients, F3 in 73, F2 in 73, F1 in 114, F0 in 9, and not tested in 21. Patients
predominantly presented with hepatitis C virus (HCV) infection (57.1%, 267/468). The median (range)
SMI for males and females were 7.35 (4.66–11.05) cm2/m2 and 5.86 (3.50–8.10) cm2/m2, respectively.
In this analysis, there were 76 male patients with D-SMI (33.3%) and 99 female patients with D-SMI
(40.2%) (p = 0.1823). VTQ ranged from 0.67 m/s to 4.32 m/s (median, 1.34 m/s). FIB-4 index ranged from
0.12 to 2.61 (median, 1.03). APRI ranged from 0.09 to 7.58 (median, 0.83). In males, a significant inverse
correlation between VTQ and SMI was found (rs = −0.4276, p < 0.0001). Similarly, in females, a significant
inverse correlation between VTQ and SMI was found (rs = −0.2384, p = 0.0002) (Figure 1A,B).
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Table 1. Baseline characteristics (n = 468).

Variables Number or Median (Range)

Age (years) 62 (18–90)
Gender, male/female 222/246
SMI (cm2/m2), male 7.35 (4.66–11.05)

SMI (cm2/m2), female 5.86 (3.50–8.10)
BMI (kg/m2) 22.26 (13.05–41.94)

Cause of liver disease, B/C/B and C/alcoholic/others 47/267/4/17/133
AST (IU/L) 36 (12–182)
ALT (IU/L) 35 (7–268)

Serum albumin (g/dL) 3.9 (2.6–5.1)
Total bilirubin (mg/dL) 0.9 (0.2–5.1)
Prothrombin time (%) 89.8 (43.3–133.6)

Platelet count (×104/mm3) 14.9 (2.1–50.4)
Total cholesterol (mg/dL) 167 (82–448)

Triglyceride (mg/dL) 91 (27–572)
Fasting blood glucose (mg/dL) 99 (70–298)

Serum creatinine (mg/dL) 0.67 (0.32–7.69)
BTR 5.58 (1.63–11.86)

Serum ammonia (μg/dL) 31 (5–137)
C reactive protein (mg/dL) 0.1 (0–2.4)

VTQ (m/s) 1.34 (0.67–4.32)
FIB-4 index 1.03 (0.12–2.61)

APRI 0.83 (0.09–7.58)
F stage, 0/1/2/3/4/NT 9/114/73/73/178/21

SMI: skeletal muscle index; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
BTR: branched-chain amino acid to tyrosine ratio; VTQ: virtual touch quantification; APRI: AST to platelet ratio
index; NT: not tested.

Figure 1. (A) Correlation between virtual touch quantification (VTQ) and skeletal muscle index (SMI)
in males. Significant inverse correlation between VTQ and SMI was found (rs = −0.4276, p < 0.0001);
(B) Correlation between VTQ and SMI in females. Significant inverse correlation between VTQ and
SMI was found (rs = −0.2384, p = 0.0002).

3.2. VTQ Level according to The Degree of Liver Fibrosis

For the entire cohort (excluding 21 patients with missing data for liver histology, n = 447),
the stepwise increase of VTQ level was found according to the severity of liver fibrosis (overall
significance, p < 0.0001). (Figure 2A) Similarly, for patients with HCV (excluding patients with missing
data for liver histology, n = 246), the stepwise increase of VTQ level was also found according to the
severity of liver fibrosis (overall significance, p < 0.0001) (Figure 2B).
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Figure 2. (A) VTQ level according to liver fibrosis stage for the entire cohort (excluding 21 patients
with missing data for liver histology, n = 447). The stepwise increase of VTQ level was found according
to the severity of liver fibrosis (overall significance, p < 0.0001); (B) VTQ level according to liver fibrosis
stage for patients with hepatitis C virus (HCV) (excluding patients with missing data for liver histology,
n = 246). The stepwise increase of VTQ level was found according to the severity of liver fibrosis
(overall significance, p < 0.0001).

3.3. VTQ Level in Patients with and without D-SMI

In patients with D-SMI, the median VTQ level was 1.64 m/s (range, 0.93–4.32 m/s), while in
patients without D-SMI, the median VTQ level was 1.11 m/s (range, 0.67–4.09 m/s) (p < 0.0001)
(Figure 3A).

Figure 3. (A) VTQ level in patients with and without decreased skeletal muscle mass (D-SMI).
In patients with D-SMI, the median VTQ level was 1.64 m/s (range, 0.93–4.32 m/s), while in patients
without D-SMI, the median VTQ level was 1.11 m/s (range, 0.67–4.09 m/s) (p < 0.0001); (B) VTQ
level according to liver cirrhosis (LC) status. In patients with LC, the median VTQ level was 2.18 m/s
(range, 0.73–4.32 m/s), while in patients without LC, the median VTQ level was 1.11 m/s (range,
0.67–3.67 m/s) (p < 0.0001).

3.4. VTQ Level according to LC Status

In patients with LC, the median VTQ level was 2.18 m/s (range, 0.73–4.32 m/s), while in patients
without LC, the median VTQ level was 1.11 m/s (range, 0.67–3.67 m/s) (p < 0.0001) (Figure 3B).
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3.5. ROC Analysis for the Presence of D-SMI

Results for ROC analyses (AUROC, optimal cutoff point, sensitivity, and specificity) for the
presence of D-SMI are presented in Table 2. BMI had the highest AUROC (0.805), followed by age
(AUROC = 0.721), VTQ (AUROC = 0.706), and serum albumin (AUROC = 0.698).

Table 2. ROC analysis for decreased skeletal muscle index.

AUROC Cutoff Value Sensitivity (%) Specificity (%)

Age 0.721 62 72.57 62.80
Body mass index 0.805 22.78 85.14 61.77

AST 0.469 57.0 78.87 24.91
ALT 0.532 72.0 89.14 18.77

Serum albumin 0.698 4.0 85.14 54.27
Total bilirubin 0.535 0.80 53.4 54.95

Prothrombin time 0.504 85.7 68.57 38.91
Platelet count 0.579 17.8 76.00 41.64

Total cholesterol 0.521 192 76.57 31.06
Triglyceride 0.576 102 72.57 46.42

Fasting blood glucose 0.466 127 12.0 91.13
Serum creatinine 0.476 0.89 18.29 88.05

BTR 0.563 5.93 68.57 47.78
Serum ammonia 0.478 64 94.51 12.0

C reactive protein 0.548 0 53.71 57.68
VTQ 0.706 1.12 94.86 50.51

FIB-4 index 0.635 0.772 84.57 37.2
APRI 0.564 0.716 64.57 51.54

AUROC: area under the receiver operating curve; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
BTR: branched-chain amino acid to tyrosine ratio; VTQ: virtual touch quantification; APRI: AST to platelet
ratio index.

3.6. Relationship between VTQ and Baseline Variables

Age (rs = 0.4418, p < 0.0001), AST (rs = 0.3315, p < 0.0001), total bilirubin (rs = 0.1994, p < 0.0001),
serum ammonia (rs = 0.3191, P < 0.0001), FIB-4 index (rs = 0.2122, p = 0.0001), and APRI (rs = 0.6011,
p < 0.0001) had significantly positive correlations with VTQ level. SMI in males (rs = −0.4276, p < 0.0001),
SMI in females (rs = −0.2384, p = 0.0002), serum albumin (rs = −0.5538, p < 0.0001), prothrombin time
(rs = −0.5504, p < 0.0001), platelet count (rs = −0.6152, p < 0.0001), total cholesterol (rs = −0.3941,
p < 0.0001), triglyceride (rs = −0.2075, p < 0.0001), and branched-chain amino acid to tyrosine ratio
(BTR) (rs = −0.6061, p < 0.0001) had significant inverse correlations with VTQ level (Table 3).

3.7. Univariate and Multivariate Analyses of Factors Contributing to The Presence of D-SMI

Significant variables linked to the presence of D-SMI in the univariate analyses are: age (p < 0.0001);
BMI (p < 0.0001); serum albumin (p < 0.0001); platelet count (p = 0.0044); BTR (p = 0.0219); VTQ
(p < 0.0001); FIB-4 index (p < 0.0001); and APRI (p = 0.0204) (Table 4). The odds ratios (ORs) and 95%
confidence intervals calculated by using multivariate analysis for the eight significant parameters
(p < 0.05) in the univariate analysis are presented in Table 5. BMI (p < 0.0001), age (p < 0.0001), serum
albumin (p < 0.0001), BTR (p = 0.0031), VTQ (p < 0.0001), and FIB-4 index (p = 0.0425) were found to be
independent predictors associated with the presence of D-SMI (Table 5).
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Table 3. Relationship between VTQ level and baseline data.

rs p Value

Age 0.4418 <0.0001
SMI, male −0.4276 <0.0001

SMI, female −0.2384 0.0002
Body mass index −0.0746 0.1071

AST 0.3315 <0.0001
ALT 0.0121 0.7947

Serum albumin −0.5538 <0.0001
Total bilirubin 0.1994 <0.0001

Prothrombin time −0.5504 <0.0001
Platelet count −0.6152 <0.0001

Total cholesterol −0.3941 <0.0001
Triglyceride −0.2075 <0.0001

Fasting blood glucose 0.0731 0.1140
Serum creatinine 0.0679 0.1427

BTR −0.6061 <0.0001
Serum ammonia 0.3191 <0.0001

C reactive protein 0.0559 0.2277
FIB-4 index 0.2122 <0.0001

APRI 0.6011 <0.0001

VTQ: virtual touch quantification; SMI: skeletal muscle index; AST: aspartate aminotransferase; ALT: alanine
aminotransferase; BTR: branched-chain amino acid to tyrosine ratio; APRI: AST to platelet ratio index.

Table 4. Comparison of baseline characteristics between patients with D-SMI (n = 185) and those
without D-SMI (n = 304).

Decreased Skeletal Muscle Mass
(D-SMI) (n = 175)

Non D-SMI
(n = 293)

p Value

Age (years) 67 (25–90) 58 (18–81) <0.0001
Gender, male/female 76/99 146/147 0.1823
Cause of liver disease

15/113/2/6/39 32/154/2/11/94 0.0988B/C/B and C/Alcohol/Others
BMI (kg/m2) 20.28 (13.05–31.14) 23.78 (17.21–41.94) <0.0001

Serum albumin (g/dL) 3.7 (2.6–4.9) 4.1 (2.7–5.1) <0.0001
Total bilirubin (mg/dL) 0.8 (0.3–5.1) 0.9 (0.2–4.7) 0.2045
Prothrombin time (%) 89.4 (55.5–123) 90.0 (43.3–133.6) 0.8143

Platelet count (×104/mm3) 13.7 (3.3–40.8) 15.7 (2.1–50.4) 0.0044
AST (IU/L) 38 (13–125) 35 (12–182) 0.2571
ALT (IU/L) 34 (7–268) 36 (8–247) 0.2449

Total cholesterol (mg/dL) 166 (85–292) 167 (82–448) 0.3264
Triglyceride 85 (27–554) 97 (29–572) 0.1026

Fasting blood glucose 96 (70–298) 101 (73–249) 0.2169
BTR 5.33 (1.63–11.86) 5.83 (1.79–10.46) 0.0219

Serum creatinine (mg/dL) 0.65 (0.32–7.67) 0.68 (0.35–6.5) 0.3808
Serum ammonia 31 (10–105) 30 (5–137) 0.4519

C reactive protein 0 (0–2.3) 0.1 (0–2.4) 0.5844
VTQ 1.64 (0.93–4.32) 1.11 (0.67–4.09) <0.0001

FIB-4 index 1.15 (0.36–2.61) 0.96 (0.12–2.60) <0.0001
APRI 0.97 (0.20–4.23) 0.70 (0.09–7.58) 0.0204

SMI: skeletal muscle index; BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
BTR: branched-chain amino acid to tyrosine ratio; VTQ: virtual touch quantification; APRI: AST to platelet
ratio index.
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Table 5. Multivariate analyses of factors linked to the presence of D-SMI.

Variables
Multivariate Analysis

OR 95% CI p Value

BMI (per one kg/m2) 1.712 1.523–1.925 <0.0001
Age (per one year) 0.922 0.895–0.953 <0.0001

Platelet count (per one ×104/mm3) 1.017 0.969–1.068 0.5003
Serum albumin (per one g/dL) 4.832 2.148–10.872 <0.0001

BTR (per one) 1.374 1.107–1.704 0.0031
VTQ (per one m/s) 0.278 0.167–0.462 <0.0001

FIB-4 index (per one) 0.625 0.384–0.955 0.0425
APRI (per one) 0.455 0.189–1.095 0.0735

OR: Odds ratio; CI: confidence interval; BMI: body mass index; BTR: branched-chain amino acid to tyrosine ratio;
VTQ: virtual touch quantification; APRI: AST to platelet ratio index.

4. Discussion and Conclusions

Radiological and serum liver fibrosis markers are useful markers and have been preferably used
in the clinical settings for their non-invasiveness and easy availability [7–11,13]. Indeed, the stepwise
increase of VTQ level according to the severity of liver fibrosis was found in our data. However, there
have been no available data for the relationship between skeletal muscle mass and VTQ level in CLD
patients. Because skeletal muscle mass in CLDs has been drawing much caution due to its prognostic
significance, addressing this problem may be clinically essential [23,26,28–30]. We therefore conducted
the current analysis. To the best of our knowledge, this is the first report linking skeletal muscle loss
with liver damage in CLDs in a Japanese population using data for VTQ.

In our results, a significant inverse correlation between SMI and VTQ level in both males and
females, and a significant difference of VTQ level between patients with and without D-SMI were
found. Additionally, AUROC of VTQ for D-SMI was 0.706, and higher VTQ levels were revealed to
be significantly associated with the development of D-SMI in the multivariate analysis (p < 0.0001).
These results denote that VTQ level can be helpful for not only assessing the degree of liver fibrosis, but
also for predicting D-SMI. A recent Korean study (n = 309) demonstrated that significant stratification
was found in terms of the proportion of sarcopenia as evaluated by the appendicular skeletal muscle
mass divided by body weight among subjects with normal livers, those with NAFLD, and those with
NASH, which were in line with our current data [35].

Although LC-related muscle mass loss is defined as secondary sarcopenia as well as chronic
inflammatory diseases and advanced malignancies, aging can cause D-SMI in CLDs at least in part [24,26].
The significant positive correlation between age and VTQ level (rs = 0.4418, p < 0.0001) may be
associated with our current results. The fact that FIB-4 index includes age may also well explain the
statistical significance of FIB-4 index for predicting D-SMI in the multivariate analysis. As a greater
number of Japanese CLD patients have been aging in recent years, this is a critical problem.

BTR had the second strongest correlation with VTQ level (rs = −0.6061) and was revealed to be an
independent predictor for the development of D-SMI (p = 0.0031). The liver is a central organ for the
metabolism of three major classes of molecules: fats, proteins, and carbohydrates [37,38]. Deterioration
in liver functional reserve can be accompanied by numerous nutritional disorders, and BTR reflects
the nutritional state [39,40]. Poor nutritional status can cause muscle mass depletion. Branched-chain
amino acid granules are promising for ameliorating muscle mass depletion [28]. In a sense, VTQ level
may be helpful for assessing nutritional state in CLD patients. It is also of note that VTQ level had
significant positive correlation with serum ammonia level (rs = 0.3191, p < 0.0001). Elevated serum
ammonia levels lead to the suppression of protein synthesis in the muscle [6,23,26].

In our results, lower BMI had strong impact on D-SMI, while in the Korean national study with
large NAFLD cohort (n = 2761), the proportion of sarcopenia using dual-energy X-ray absorptiometry
was prominent in obese patients [34]. The average BMIs in our study and their study were 22.8 kg/m2
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and 25.8 kg/m2, respectively. In our cohort, 109 patients (23.3%) had BMI >25 kg/m2 and only five
patients (1.1%) had BMI >35 kg/m2. The distribution of BMI in baseline characteristics between these
studies may lead to such different results. The incidence of sarcopenic obesity has been increasing and
the relation between muscle mass and BMI should be further examined in future studies [31,32].

We acknowledge several weak points to our study. First, this is a retrospective single center Japanese
study. Thus, whether our data can be applied to other ethnic backgrounds remains unclear. Second, in
this cross-sectional study, we are unable to interpret any causal relationship; in other words, an in-depth
mechanism for the independent association between D-SMI and liver fibrosis was not clarified in our
study. Third, liver biopsy has a significant limitation for sampling errors in evaluating the severity of
liver fibrosis. Finally, patients with severe ascites who are expected to have D-SMI with higher rates
were excluded from our analysis, potentially leading to bias. Caution should therefore be exercised when
interpreting our results. However, our current results presented that VTQ can be useful for predicting
D-SMI in CLD patients. In our previous investigation, we reported that a predictive model involving
VTQ level is promising for assessing the risk of liver carcinogenesis [10]. Thus, we anticipate that VTQ
involves various clinical significances for CLD patients.

In conclusion, VTQ level can provide useful insights for predicting D-SMI in patients with CLDs.
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Abstract: Aims: We aimed to examine changes in skeletal muscle mass in chronic hepatitis C (CHC)
patients undergoing interferon (IFN)-free direct acting antivirals (DAAs) therapy who achieved
sustained virological response (SVR). Patients and methods: A total of 69 CHC patients treated with
DAAs were analyzed. We compared the changes in skeletal muscle index (SMI) using bio-impedance
analysis at baseline and SMI at SVR. SMI was calculated as the sum of skeletal muscle mass in upper
and lower extremities divided by height squared (cm2/m2). Further, we identified pretreatment
parameters contributing to the increased SMI at SVR. Results: SMI in males at baseline ranged from
6.73 to 9.08 cm2/m2 (median, 7.65 cm2/m2), while that in females ranged from 4.45 to 7.27 cm2/m2

(median, 5.81 cm2/m2). At SVR, 36 patients (52.2%) had increased SMI as compared with baseline.
In the univariate analysis, age (p = 0.0392), hyaluronic acid (p = 0.0143), and branched-chain amino
acid to tyrosine ratio (BTR) (p = 0.0024) were significant pretreatment factors linked to increased SMI
at SVR. In the multivariate analysis, only BTR was an independent predictor linked to the increased
SMI at SVR (p = 0.0488). Conclusion: Pretreatment BTR level can be helpful for predicting increased
SMI after SVR in CHC patients undergoing IFN-free DAAs therapy.

Keywords: chronic hepatitis C; direct acting antiviral; sustained virological response; skeletal
muscle mass

1. Introduction

The ultimate goal of treatment for chronic hepatitis C (CHC) is to eliminate the hepatitis C virus
(HCV) and thereby to suppress the liver disease progression and the liver carcinogenesis [1–3]. In cases
with sustained virological response (SVR), the incidence of disease progression or carcinogenesis
has been reported to be markedly decreased [1,2,4,5]. CHC therapy has dramatically changed
with the recent accessibility of direct acting antivirals (DAAs). Protease inhibitors including
telaprevir, simeprevir, or vaniprevir containing pegylated-interferon (Peg-IFN)α2a or Peg-IFNα2b
and ribavirin (RBV) combination therapy (IFN-based triple therapy) have demonstrated higher SVR
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rates [6]. Further, IFN-free DAAs therapies such as daclatasvir (DCV)/asunaprevir (ASV), sofosbuvir
(SOF)/RBV, ledipasvir (LDV)/SOF, LDV/SOF/RBV, and SOF/velpatasvir have also demonstrated
excellent SVR rates [4,5,7,8]. Recently, almost all CHC patients have been able to eradicate HCV in a
comfortable manner [3].

On the other hand, skeletal muscle loss (SML) has been shown to be an adverse predictor in
patients with liver diseases and has drawn much caution among clinicians because of its linkage to
clinical outcomes [9–11]. Skeletal muscle mass is maintained by a balance between protein synthesis
and protein breakdown, and muscle mass loss can occur due to an increment in proteolysis or a
reduction in protein synthesis, or both disorders [12–14]. There have been compelling evidences
to show that SML is one of the major complications in liver cirrhosis (LC) due to the LC-related
double metabolic burdens (i.e., protein metabolic and energy metabolic disorders) [11,12,15–25].
Thus, for CHC patients treated with antiviral therapies, maintaining skeletal muscle mass is crucial.
However, to the best of our knowledge, there have been no available data with regard to changes
in skeletal muscle mass for CHC patients with SVR who underwent IFN-free DAAs therapy.
Further, identifying pretreatment factors linked to the improvement in skeletal muscle mass may
be pivotal for creating nutritional strategies in CHC patients after SVR.

The aims of the current study were therefore to examine changes in skeletal muscle mass in
CHC patients undergoing IFN-free DAAs therapy who achieved SVR and to identify pretreatment
predictors that are associated with the improvement in skeletal muscle mass.

2. Patients and Methods

2.1. Patients and Skeletal Muscle Mass Measurement

This study was a single center retrospective study. All study participants were CHC patients with
data for skeletal muscle mass at baseline and SVR. Patients without those data were excluded from the
current analysis.

For all analyzed subjects, skeletal muscle mass was assessed using bio-impedance analysis
(BIA, Inbody720, Takumi Ltd., Aichi, Japan) in the standing position. BIA is a device which can measure
the body fat mass, body water mass, and body muscle mass using differences in frequency [11].

Our current study participants were CHC patients treated with IFN-free DAAs therapy
(DCV/ASV, SOF/LDV, SOF/LDV/RBV, SOF/RBV, or others) who were admitted at the Division of
Hepatobiliary and Pancreatic disease, Department of Internal Medicine, Hyogo College of Medicine,
Hyogo, Japan between August 2013 and August 2015. All patients achieved SVR and had available
data for BIA. In this analysis, SVR was defined as the disappearance of serum HCV-RNA at a time
point more than 12 weeks after the completion of each DAA therapy. In principal, BIA was routinely
performed at baseline and at SVR 24 (24 weeks after the completion of DAAs therapy). All patients
had no ascites on radiologic findings. Skeletal muscle index (SMI) was defined as the sum of skeletal
muscle mass in the upper and lower extremities divided by height squared (cm2/m2), using data from
BIA [11]. We compared the changes in SMI at baseline and SMI at SVR. Patients with increased SMI
were defined as those with an SMI at SVR that was more than the SMI at baseline. Further, we identified
pretreatment parameters contributing to the increased SMI using univariate and multivariate analyses.
Included pretreatment parameters (potentially relevant factors with the development of SML in view
of current published articles) are listed in Table 1 [9,11–14]. The ethical committee meeting at Hyogo
College of Medicine approved our current study protocol and this study strictly followed all provisions
of the Declaration of Helsinki.
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Table 1. Baseline data (n = 69).

Variables Number or Median (Range)

Age (years) 63 (25–83)
Gender, male/female 31/38

Body mass index (kg/m2) 22.1 (15.7–32.8)
Skeletal muscle index (cm2/m2), male 7.65 (6.73–9.08)

Skeletal muscle index (cm2/m2), female 5.81 (4.45–7.27)
Total bilirubin (mg/dL) 0.8 (0.3–3.0)
Serum albumin (g/dL) 4.1 (2.8–4.9)
Prothrombin time (%) 83.4 (61.1–119.4)
Platelets (×104/mm3) 15.5 (3.3–27.8)

Serum sodium (mmol/L) 140 (129–144)
eGFR (mL/min/1.73 m2) 84 (33–142)
Total cholesterol (mg/dL) 159 (110–234)

Triglyceride (mg/dL) 88 (33–779)
AST (IU/L) 37 (15–140)
ALT (IU/L) 37 (11–155)

Fasting blood glucose (mg/dL) 94 (74–187)
HbA1c (NSGP) 5.5 (4.1–9.7)

BTR 4.94 (2.13–9.09)
Alpha-fetoprotein (ng/mL) 4.2 (1.3–224.9)
Hyaluronic acid (ng/mL) 103 (9–699)

FIB-4 index 2.46 (0.66–20.04)
HCV genotype, 1/2 55/14

HCV viral load (log IU/L) 6.2 (5.0–7.7)

Data are expressed as number or median (range). eGFR; estimated glomerular filtration rate, AST;
aspartate aminotransferase, ALT; alanine aminotransferase, NGSP; National Glycohemoglobin Standardization
Program, BTR; branched-chain amino acid to tyrosine ratio, HCV; hepatitis C virus.

2.2. Statistical Analysis

First, the distribution of each parameter (normal or not) was assessed by the Shapiro-Wilk test.
Categorical variables were compared by Fisher’s exact test. Continuous variables were compared by
unpaired t-test, paired t-test, or Mann-Whitney U test as applicable. For predicting increased SMI,
candidate variables were identified by univariate analysis; variables with p < 0.10 were analyzed by a
multivariate logistic regression analysis. Data are presented as median value (range) unless otherwise
mentioned. Statistical significance was set at p < 0.05. Statistical analysis was performed with JMP 11
(SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Baseline Characteristics

Baseline characteristics in the present study are shown in Table 1. Our study cohort (n = 69; 55 in
HCV genotype 1 and 14 in genotype 2) included 31 males and 38 females with a median (range) age of
63 (25–83) years. SMI in males at baseline ranged from 6.73 to 9.08 cm2/m2 (median, 7.65 cm2/m2),
while SMI in females at baseline ranged from 4.45 to 7.27 cm2/m2 (median, 5.81 cm2/m2). According to
current guidelines, the proportion of low SMI in males (<7.0 cm2/m2) was 22.6% (7/31) and that in
females (<5.7 cm2/m2) was 44.7% (17/38) [11]. For the entire cohort, SMI had normal distribution.

3.2. Changes in SMI for the Entire Cohort (n = 69)

The median SMI for the entire cohort at baseline was 6.62 cm2/m2 (range, 4.45–9.08 cm2/m2),
while the median SMI for the entire cohort at SVR was 6.51 cm2/m2 (range, 4.55–9.30 cm2/m2).
(p = 0.6352, Figure 1A) The proportion of increased SMI at SVR compared with the SMI at baseline
was 52.2% (36/69, 19 males and 17 females).
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Figure 1. Changes in skeletal muscle index (SMI) during interferon (IFN)-free direct acting antivirals
(DAAs) therapy at pretreatment and sustained virological response (SVR). (A) For the entire cohort
(n = 69); (B) For patients with low muscle mass at baseline (n = 24, as defined by current guidelines [11]);
(C) For patients without low muscle mass at baseline (n = 45, as defined by current guidelines [11]).

3.3. Changes in SMI for Patients with Low Muscle Mass (Low SMI) at Baseline (n = 24)

The median SMI for patients with low muscle mass (low SMI) at baseline was 5.44 cm2/m2

(range, 4.45–6.95 cm2/m2), while the median SMI for those patients at SVR was 5.40 cm2/m2 (range,
4.55–7.20 cm2/m2) (p = 0.8016, Figure 1B).

3.4. Changes in SMI for Patients without Low Muscle Mass (Low SMI) at Baseline (n = 45)

The median SMI for patients without low muscle mass (low SMI) at baseline was 7.13 cm2/m2

(range, 5.70–9.08 cm2/m2), while the median SMI for those patients at SVR was 7.22 cm2/m2 (range,
5.59–9.30 cm2/m2) (p = 0.1532, Figure 1C).

3.5. Changes in SMI According to Baseline FIB-4 Index

We compared changes in SMI according to FIB-4 index. Patients with baseline FIB-4 index ≥2.46
(the median value in our cohort) were defined as the high FIB-4 index group (n = 34), while those with
baseline FIB-4 index <2.46 were defined as the low FIB-4 index group (n = 35). In the high FIB-4 index
group, SMI at SVR did not significantly increase as compared with baseline levels (p = 0.9812). In the
low FIB-4 index group, SMI at SVR tended to significantly increase as compared with baseline levels
(p = 0.0879) (Figure 2).
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Figure 2. Changes in SMI according to baseline FIB-4 index. (A) Patients with baseline FIB-4 index
≥2.46 (the median value in our cohort) were defined as the high FIB-4 index group (n = 34). SMI at
SVR did not significantly increase as compared with baseline levels (p = 0.9812); (B) Patients with
baseline FIB-4 index <2.46 were defined as the low FIB-4 index group (n = 35). SMI at SVR tended to
significantly increase as compared with baseline levels (p = 0.0879).

3.6. Changes in SMI According to HCV Serotype

In the HCV serotype 1 group (n = 55), SMI at SVR did not significantly increase as compared with
baseline levels (p = 0.5777). In the HCV serotype 2 group (n = 14), SMI at SVR tended to significantly
decrease as compared with baseline levels (p = 0.0708) (Figure 3).

Figure 3. Changes in SMI according to HCV serotype. (A) In the HCV serotype 1 group (n = 55),
SMI at SVR did not significantly increase as compared with baseline levels (p = 0.5777); (B) In the HCV
serotype 2 group (n = 14), SMI at SVR tended to significantly decrease as compared with baseline levels
(p = 0.0708).

3.7. Changes in SMI According to HCV Viral Load

We compared changes in SMI according to baseline HCV viral load. Patients with baseline HCV
viral load >6.2 log IU/mL (the median value in our cohort) were defined as the high HCV viral load
group (n = 34), while those with baseline HCV viral load ≤6.2 log IU/mL were defined as the low
HCV viral load (n = 35). In the high HCV viral load group, SMI at SVR did not significantly increase
as compared with baseline levels (p = 0.3797). In the low HCV viral load group, SMI at SVR did not
significantly increase as compared with baseline levels (p = 0.1772) (Figure 4).
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Figure 4. Changes in SMI according to HCV viral load. Patients with baseline HCV viral load
>6.2 log IU/mL (the median value in our cohort) were defined as the high HCV viral load group
(n = 34), while those with baseline HCV viral load ≤6.2 log IU/mL were defined as the low HCV
viral load (n = 35). (A) In the high HCV viral load group, SMI at SVR did not significantly increase as
compared with baseline levels (p = 0.3797); (B) In the low HCV viral load group, SMI at SVR did not
significantly increase as compared with baseline levels (p = 0.1772).

3.8. Changes in SMI According to Age

We compared changes in SMI according to age. Patients with the age of >63 years (the median
value in our cohort) were defined as the elderly group (n = 34), while those with the age of ≤63 years
were defined as the non-elderly group (n = 35). In the elderly group, SMI at SVR did not significantly
increase as compared with baseline levels (p = 0.1662). In the non-elderly group, SMI at SVR did not
significantly increase as compared with baseline levels (p = 0.5105) (Figure 5).

Figure 5. Changes in SMI according age. Patients with the age of >63 years (the median value in
our cohort) were defined as the elderly group (n = 34), while those with the age of ≤63 years were
defined as the non-elderly group (n = 35). (A) In the elderly group, SMI at SVR did not significantly
increase as compared with baseline levels (p = 0.1662); (B) In the non-elderly group, SMI at SVR did
not significantly increase as compared with baseline levels (p = 0.5105).

3.9. Comparison of Baseline Characteristics Between Patients with and without Increased SMI

Comparison of baseline characteristics between patients with increased SMI (n = 36) and without
increased SMI (n = 33) is shown in Table 2. Age (p = 0.0392) and hyaluronic acid level (p = 0.0143)
in the increased SMI group were significantly lower than those in the non-increased SMI group.
Branched-chain amino acid to tyrosine ratio (BTR) in the increased SMI group was significantly higher
than those in the non-increased SMI group (p = 0.0024). FIB-4 index in the increased SMI group tended
to be significantly lower than that in the non-increased SMI group (p = 0.0656).
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Table 2. Comparison of baseline characteristics between patients with increased SMI (I-SMI, n = 36)
and without I-SMI (n = 33).

Variables I-SMI (n = 36) Non-I-SMI (n = 33) p Value

Age (years) 59 (25–78) 65 (39–83) 0.0392
Gender, male/female 18/18 13/20 0.4693

Serum albumin (g/dL) 4.1 (3.3–4.9) 4.1 (2.8–4.6) 0.6883
Total bilirubin (mg/dL) 0.8 (0.3–2.5) 0.7 (0.4–3.0) 0.3416
Prothrombin time (%) 84.05 (67–108.4) 82.8 (61.1–119.4) 0.4161

Platelet count (×104/mm3) 17.35 (3.6–25.3) 14.2 (3.3–27.8) 0.3433
AST (IU/L) 29.5 (15–140) 45 (19–120) 0.2735
ALT (IU/L) 36.5 (11–155) 39 (13–104) 0.4971

Serum sodium (mmol/L) 140 (129–144) 141 (135–143) 0.7724
Total cholesterol (mg/dL) 158 (110–228) 159 (126–234) 0.5347

Triglyceride (mg/dL) 92 (33–174) 88 (45–779) 0.9091
Fasting blood glucose (mg/dL) 93 (74–187) 96 (85–130) 0.1224

eGFR (mL/min/1.73 m2) 85 (33–141) 82 (36–142) 0.8803
HbA1c (NSGP) 5.5 (4.7–9.7) 5.5 (4.1–7.0) 0.4911

Body mass index (kg/m2) 21.95 (15.7–30.8) 22.5 (17.4–32.8) 0.3988
BTR 5.16 (3.01–9.09) 4.19 (2.13–8.36) 0.0024

Hyaluronic acid (ng/mL) 80 (9–437) 156 (17–699) 0.0143
FIB-4 index 1.94 (0.66–20.04) 3.53 (0.96–15.29) 0.0656

Alpha-fetoprotein (ng/mL) 3.1 (1.9–224.9) 7.3 (1.3–183.3) 0.4694
HCV genotype, 1/2 31/5 24/9 0.2331

HCV-RNA (log IU/L) 6.3 (5.1–7.2) 6.2 (5.0–7.7) 0.9380

AST; aspartate aminotransferase, ALT; alanine aminotransferase, eGFR; estimated glomerular filtration rate, NGSP;
National Glycohemoglobin Standardization Program, BTR; branched chain amino acid to tyrosine ratio, HCV;
hepatitis C virus. Patients with I-SMI indicate those with an SMI at SVR the was more than the SMI at baseline.

3.10. Multivariate Analyses of Factors Linked to the Presence of Increased SMI

Multivariate analysis for the above four factors with p < 0.10 (i.e., age, hyaluronic acid, FIB-4 index,
and BTR) showed that only BTR was a significant prognostic pretreatment factor linked to the presence
of increased SMI (p = 0.0488). (Table 3) Odds ratios and 95% confidence intervals are demonstrated
in Table 3.

Table 3. Multivariate analysis of factors contributing to the increased SMI.

Variables Multivariate Analysis

OR (95% CI) p Value

Age (per one year) 1.029 (0.977–1.089) 0.2797
Hyaluronic acid (per one ng/mL) 1.002 (0.998–1.006) 0.3794

BTR (per one) 0.648 (0.398–0.998) 0.0488
FIB-4 index (per one) 0.996 (0.832–1.221) 0.9688

OR; Odds ratio, CI; confidence interval, BTR; branched-chain amino acid to tyrosine ratio.

4. Discussion

Liver disease patients are aging in our country and SML is also associated with aging [11].
In other words, SML in liver disease patients can occur, irrespective of the degree of liver fibrosis
stage. CHC therapy has dramatically improved due to the introduction of DAAs [1,4]. As described
earlier, SML can be an adverse predictor in patients with liver diseases, although there are limited
clinical data showing that skeletal muscle mass improvement can lead to favorable clinical outcomes
in CHC patients, and reversing skeletal muscle mass loss is a priority field for therapeutic strategies in
these patients [9–13]. In view of these backgrounds, addressing clinical queries to which factors are
associated with the improvement of skeletal muscle mass after SVR may be a point of focus, and our
current results may therefore be worthy of reporting.
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In the multivariate analysis, only pretreatment BTR value was an independent predictor linked
to increased SMI. BTR has also been shown to decrease in cirrhotic patients. Furthermore, BTR is
widely used in Japan as an easily measurable indicator of amino acid imbalance and it is also closely
related to protein synthesis in the muscle [9,26]. In addition, in our previous study, we demonstrated
that lower BTR was associated with decreased skeletal muscle mass in patients with chronic liver
diseases, which is in agreement with our current data [27]. In a sense, measuring BTR can lead to
creating strategies for nutritional intervention from the view point of skeletal muscle mass. In patients
with well-preserved protein synthesis ability, as reflected by a higher BTR level, HCV eradication
may lead to the acceleration of protein synthesis in the muscle; this is a major finding in the current
study. On the contrary, considering our current results, patients with LC status are expected to
have poor improvement in skeletal muscle mass even after HCV eradication. Patients with a higher
baseline FIB-4 index had poor improvement in skeletal muscle mass at SVR in our results, and this
observation can support our hypothesis. In such patients, some interventions including exercise may
be recommended [9,12,13]. In compensated LC patients, walking 5000 or more steps per day may be
ideal [28]. On the other hand, it is of note that the proportion of low SMI in males was rather lower
than that in females (22.6% vs. 44.7%). Significant differences in baseline characteristics between males
and females (age; p < 0.0001, FIB-4 index; p = 0.0196, BTR; p = 0.0292, data not shown) may account for
our current results.

It is of interest that in the HCV serotype 2 group, SMI at SVR tended to significantly decrease
as compared with baseline levels (p = 0.0708). One possible reason for these results is that in HCV
serotype 2 patients, RBV was used in most cases. RBV-related anemia may cause muscle mass decrease.

Whether SMI increment presents a good prognosis in chronic liver disease patients has yet to
be clarified. On the other hand, previous investigators reported that a higher BTR was a favorable
predictor for LC patients [29]. In our results, higher BTR was associated with SMI increment. In view
of this, SMI increment in CHC patients can result in a good prognosis. However, further studies will
be required to confirm these results.

Our study had the drawbacks of a small sample size for analysis, and how these short-term
outcomes translate into long-term outcomes has yet to be determined. In addition, several important
variables that could influence the outcome were overlooked (diet, exercise, and other pharmacological
therapies), as they were not included in the current analysis. The causal relationship between BTR and
skeletal muscle mass should also be elucidated. Thus, further well-designed and larger studies with
longer observation periods will be needed in the future. However, our results denote that pretreatment
BTR level is a useful predictor for improvement in skeletal muscle mass after SVR in CHC patients
treated with DAAs.

5. Conclusions

In conclusion, pretreatment BTR levels can be helpful for predicting increased SMI after SVR in
CHC patients undergoing IFN-free DAAs therapy.
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Abbreviations

CHC chronic hepatitis C
HCV hepatitis C virus
SVR sustained virological response
DAA direct acting antiviral
SMV Simeprevir
Peg-IFN pegylated interferon
RBV Ribavirin
DCV Daclatasvir
ASV Asunaprevir
SOF Sofosbuvir
LDV Ledipasvir
SML skeletal muscle loss
LC liver cirrhosis
BIA bio-impedance analysis
SMI skeletal muscle index
BTR branched-chain amino acid to tyrosine ratio
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Abstract: Protein-energy malnourishment is commonly encountered in patients with end-stage
liver disease who undergo liver transplantation. Malnutrition may further increase morbidity,
mortality and costs in the post-transplantation setting. The importance of carefully assessing the
nutritional status during the work-up of patients who are candidates for liver replacement is
widely recognized. The metabolic abnormalities induced by liver failure render the conventional
assessment of nutritional status to be challenging. Preoperative loss of skeletal muscle mass, namely,
sarcopenia, has a significant detrimental impact on post-transplant outcomes. It is essential to
provide sufficient nutritional support during all phases of liver transplantation. Oral nutrition
is preferred, but tube enteral nutrition may be required to provide the needed energy intake.
Herein, the latest currently employed perioperative nutritional interventions in liver transplant
recipients are thoroughly illustrated including synbiotics, micronutrients, branched-chain amino acid
supplementation, immunonutrition formulas, fluid and electrolyte balance, the offering of nocturnal
meals, dietary counselling, exercise and rehabilitation.

Keywords: liver transplantation; immunonutrition; synbiotics; nutritional intervention; sarcopenia;
branched-chain amino acids; nutraceuticals

1. Introduction

The liver is the largest and most crucial metabolic organ, playing a pivotal role in integrating
several biochemical pathways of carbohydrate, fat, protein, and vitamin metabolism as well as the
transport of lipids and the secretion and excretion of bile, all of which are processes involved in muscle
and protein metabolism and central for well-nourished status [1–3].

Advances in post-transplant care and management of graft rejection have greatly improved
outcomes for patients after orthotopic liver transplantation (LT). However, malnutrition is a relevant
factor when determining the progress of hepatic disease, as it contributes to hypoalbuminemia and
intensifies the hydroelectrolytic imbalance determined by renal alterations [3–7].

Protein energy malnutrition (PEM) is a common problem in patients with end-stage liver
disease (ESLD) awaiting LT [5]. This applies to nearly every etiology of ESLD with the exception of
fulminant hepatic failure. The diagnosis of PEM in ESLD is established by marked muscle wasting
and subcutaneous fat loss [5,6]. PEM is more prevalent in those with decompensated liver disease
i.e., those with ascites, portosystemic hepatic encephalopathy (HE), portal hypertensive bleeding and
patients hospitalized for alcoholic liver disease than in patients with nonalcoholic liver disease [7].

Clinical features of deteriorated liver function tend to normalize following successful LT. However,
PEM can significantly increase the operative risk at the time of surgery and is a risk factor for morbidity,
short- and long-term mortality in patients undergoing LT [7,8] and decreased graft survival after LT [9].
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Moreover, PEM predisposes a patient to complications such as compromised respiratory function,
wound-healing problems, longer dependency on mechanical ventilation, increased rates of septic
complications, use of antibiotics, blood products usage, length of hospital stay, intensive care unit
admissions, delayed physical rehabilitation, with substantially higher cost of the transplant [8,9].
Prolonged waiting times worsen outcomes when patients are already malnourished [10].

A patient’s nutritional status can worsen rapidly in the immediate postoperative period due
to perioperative malnutrition, surgical stress, immunosuppressive therapy, post-interventional
complications, postoperative protein catabolism, and fasting periods [5,6]. This suggests the need
for preemptive nutritional support with liver-adapted formulas containing additional carbohydrates,
fat and proteins especially branched-chain amino acids (BCAAs) [7,8].

Body cell mass (BCM) is defined as the sum of intracellular water and fat-free mass, including
skeletal muscle and viscera, without bone mineral mass. BCM comprises the metabolically active
and protein-rich compartments in the body responsible for basal energy expenditure (BEE) and is
known to be depleted in patients with PEM [9]. Loss of skeletal muscle mass (SMM) or sarcopenia,
reflecting preoperative malnutrition is a common complication of liver cirrhosis (LC). Sarcopenia
could interfere with early postoperative mobilization and has been found to be closely associated with
post-LT mortality in patients undergoing living donor LT (LDLT) [9]. Sarcopenia confers a vulnerability
to preoperative infection, including spontaneous bacterial peritonitis, pneumonia, post-LT bacteremia,
sepsis and wound dehiscence and pulmonary complications, including aspiration pneumonia and
atelectasis secondary to deteriorated immune functions [10,11]. Although less apparent, muscle
wasting may be present in obese patients, which is identified as “sarcopenic obesity” [10,11] and
underscores the importance of considering muscle depletion in such patients. This observation is
relevant because the number of obese patients, with ESLD due to Non-alcoholic steato-hepatitis,
is increasing among those awaiting LT [11,12].

An aggressive approach to ensure adequate nutritional repletion, as well as correcting vitamin
and micronutrient deficiencies is central to maintain remaining hepatic function, improve the patient’s
metabolic reserves, and the outcomes after LT [1]. Hence, timely nutrition assessment and patient
tailored intervention for anticipated recipients or those on the waiting list may improve outcomes
surrounding LT [1–3].

1.1. Etiology of Malnutrition

1.1.1. Decreased Energy Intake

Patients with liver disease have decreased energy intake due to anorexia caused by zinc
deficiency, hyperglycemia and increased pro-inflammatory cytokine levels; tumor necrosis factor-alpha
(TNF-α), interleukin (IL)-6 and leptin [12–15]. Other causes of loss of appetite in those patients are
the unpalatable specialized diets; low-salt and low-protein diets for ascites and HE, respectively,
and altered gustatory sensation due to hypomagnesemia and autonomic neuropathy in LC, which also
causes gastroparesis and delayed bowel transit time, together with conditional bacterial overgrowth on
top of tense ascites, early satiety due to less gastrointestinal peristalsis and gastric restrictive expansion
due to large volume ascites, maldigestion, impaired hepato-intestinal extraction, malabsorption
and intestinal mucosal atrophy associated with portal hypertensive gastroenteropathy [12–16].
Increased protein losses due to gastrointestinal bleeding and frequent large volume paracentesis also
contribute to malnutrition, which may further be worsened by protein-losing enteropathy, exacerbating
hypoalbuminemia. In liver cirrhosis, up to 45% of patients may have a coexisting infection with
Helicobacter pylori may cause dyspepsia and a decreased desire for food [13]. Moreover, limited
intake due to diagnostic procedural events can lead to prolonged nil per os may further contribute to
PEM [14–17].
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1.1.2. Hypercatobolic Status

A number of cirrhotic patients may also have increased BEE that may be related to increased
sympathetic nervous system activity and inflammation. Fever, spontaneous peritonitis and bacterial
translocation are undoubtedly considered as the most common inducing factors contributing to
accelerating catabolism [18]. Although hyperinsulinemia is present, glucose intolerance ensues due to
insulin resistance, decreased glycogen stores and impaired glycogenolysis. This subsequently leads to
gluconeogenesis from lipid peroxidation and mobilization of amino acids from the skeletal muscles
and visceral proteins demonstrating muscle depletion and decrease in subcutaneous fat [17–19].

Patients with protein malnutrition have increased protein requirements in order to maintain
a positive nitrogen balance [19,20]. Low plasma levels of insulin growth factor (IGF-1), which mediates
most of the growth-promoting effects of growth hormone, also explain the severe growth hormone
resistance seen in patients with ESLD [20].

Moreover, patients with ESLD may have impaired synthesis of polyunsaturated fatty acids from
their essential fatty acid precursors with increases in levels of n-6 and n-9 fatty acids and decreases in
n-3 moieties in plasma and adipose tissue [21]. Enhanced gluconeogenesis, especially after fasting,
with preference for fat metabolism, lipid peroxidation and lipolysis, also increases upon impaired
glycogen storage and utilization [22].

1.1.3. Decreased Nutrient Absorption

Other contributing factors include drug-induced diarrhea (like neomycin, lactulose, diuretics,
antimetabolites, cholestryamine) [12,23]. Fat malabsorption in alcoholic and cholestatic liver diseases,
especially sclerosing cholangitis with inflammatory bowel disease or concomitant pancreatic
insufficiency can result in specific fat-soluble vitamin deficiencies [23]. Also, metabolic stresses from
surgery, gastrointestinal reperfusion injury, immunosuppressive therapy and corticosteriods use lead
to delayed bowl function recovery and disorder of nutrients absorption (Figure 1).

Figure 1. Etiology of Malnutrition in End Stage Liver Disease. BEE: basal energy expenditure; IBD:
inflammatory bowel disease; IGF1: insulin growth factor 1; IL6: interleukin-6; GI: gastrointestinal tract;
GH: growth hormone; LD: liver disease; NS: nervous system; TNF-α: tumour necrosis factor alpha.

1.2. Assessment of Nutritional Status

All patients being prepared for LT should undergo a thorough nutritional evaluation. Traditional
assessment tools as BMI and anthropometry are not accurate in patients with liver disease due to fluid
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retention and organomegaly found in a significant number of patients. No gold-standard evaluation
exists to determine the extent of malnutrition in patients with ESLD [6,24].

1.2.1. Subjective Global Assessment

The initial assessment should begin with a careful history to document weight loss, nausea,
anorexia, and specialized diets and supplements. A complete physical examination should search
for changes in oral mucosa, skin and hair, loss of subcutaneous fat, muscle-wasting and stigmata
of chronic liver disease. Subjective global assessment (SGA) combines a thorough history-taking
and physical examination and rates patients either “well-nourished”, “moderately malnourished”,
or “severely malnourished” [6]. This test has shown high specificity with very low sensitivity for
diagnosing malnutrition in patients with alcoholic liver disease. However, it has not been found to be
a reliable tool for evaluating nutritional status in LT patients [6,24]. First, SGA depends on personal
information that can be difficult to obtain from patients with cognitive impairment or somnolence.
Second, the only anthropometric measure utilized is the body weight, which is often changed by
ascites and edema [6,24].

1.2.2. Biochemical Parameters and Immune-Competence

Biochemical tests used as nutritional indicators include serum transferrin and retinol binding
protein levels [25,26]. A reduced level of serum transferrin is additionally indicative of decreased
energy protein intake related to LT patients [25]. However, such parameters have not been shown to
be accurate indices of nutritional status given the fact that their levels correlate with severity of liver
damage and inflammatory states rather than malnutrition due to the catabolic nature of liver disease
and associated protein turnover.

Serum albumin frequently serves as an important indicator of liver function. However, it has
a long half-life (17–21 days) and because exogenous albumin supplements are frequently administered
in clinical practice, serum albumin levels cannot sensitively or dynamically reflect early liver damage.
The shorter half-life (2–3 days) of prealbumin (transthyretin) renders it a more sensitive indicator of
damaged synthesis functioning in the liver and fluctuations in nutritional status than albumin [27].
Creatinine-height index, 24-h urine nitrogen and 3-methylhistidine excretion were suggested as indirect
measure of body muscle mass, as 1 g of excreted creatinine equals 18.5 kg of muscle mass [26].

Immune competence, which is considered a functional test of nutritional status, may be affected
by hypersplenism, abnormal immunologic reactivity and alcohol abuse [26]. Low total lymphocyte,
CD8 cell counts, and abnormal response to skin anergy tests; delayed cutaneous hypersensitivity
response (≥5 mm induration to two or more skin tests) were suggested parameters for malnutrition [27].
The measurement of lean cell mass with total body potassium has been postulated for nutritional
assessment of children but it is not a part of routine nutritional assessment of children [28].

1.2.3. Anthropometry

Anthropometric measurements, such as body mass index, mid-arm muscle circumference, triceps
skin fold thickness, biceps or subscapular skin fold thickness are simple, quick, cheap and noninvasive
assessment methods in patients with liver disease [25–27,29]. However, these measures have been
questioned regarding their reliability in patients with ascites and peripheral edema but correction
by subtracting estimated amounts of ascites and other fluid collections may compensate for this
disadvantage to some extent [25–27,29]. Triceps skinfold thickness remained inadequate in 70% of
malnourished patients at the end of the first year [30]. In a prospective cohort study, cirrhotic patients
who were severely malnourished while on the waiting list showed further deterioration at 3 months
after transplantation; however, they improved at 6 and 12 months. Once again, primary changes were
observed for fat mass (median triceps skinfold: basal 10.8 mm vs. 15.2 mm, 12 mm p = 0.03) [30].
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1.2.4. Hand Grip Dynamometry

Functional assessment such as handgrip strength dynamometry and the six-minute walk test
have been advocated as potential good parameters not only to assess but also to follow up nutritional
interventions [27]. Hand grip strength is good reflector of upper limb strength and can used serially
in conjunction with bioelectrical impedance analysis (BIA) to follow up adopted nutritional therapy
regimen [29–32].

1.2.5. Indirect Calorimetry

The BEE can be predicted with several formulas such as the Harris-Benedict or Schofield
equations [33]. The REE is an estimated value of BEE accounting for the effects of food, temperature,
stress and activity factors [19,30]. The non-protein respiratory quotient (npRQ), a unitless number
measured by 24 h urinary urea nitrogen, body carbon dioxide production and oxygen consumption
was used to evaluate the nutritional status of patients with LC [34]. Moreover, npRQ provides useful
information regarding substrate utilization in the post-operative period which can be very helpful in
the development of a nutrition support strategy [34].

1.2.6. Bioelectrical Impedance

In nutritional assessment for patients undergoing LDLT, Kaido et al. [10–12] used direct segmental
multi-frequency BIA with the InBody720 (Biospace, Tokyo, Japan) device, by which body mass index,
intra- and extracellular water, and body fat percentage could be automatically and measured within
2 min. SMM was measured and shown as a percent against standard SMM calculated by sex and
height of each patient. BCM was automatically calculated by the InBody 720 and displayed as a normal
range (e.g., 23.0–28.1 kg).

The BIA measures the body’s resistance to flow (impedance) of alternating electrical current at
a designated frequency between points of contact on the body. Water in body tissue is conductive;
therefore, BIA can indirectly provide information on the body’s tissue content including total body
water, fat-free mass, and SMM [7,9]. BIA is increasingly being used because it is easy to perform,
portable, non-invasive, and quick despite some limitations in patients with ascites. It has been highly
correlated with hydrostatic weighing, dual energy X-ray absorptiometry, in vivo-neutron activation
analysis, and deuterium isotope dilution, without the radiation exposure hazards [35–38]. BIA might
be considered comparable to measuring the psoas muscle cross sectional area at the L3 vertebral level
by computed tomography (CT) scan or magnetic resonance imaging (MRI) as it might be appropriate
to evaluate not only the psoas muscle mass, but also the whole body SMM [39–41].

Considering feasibility, the current guidelines of the European Society for Clinical Nutrition and
Metabolism (ESPEN) recommend only SGA and/or anthropometry parameters to identify patients at
risk for poor nutritional status, and BIA to quantify undernutrition in spite of the limitations of all
techniques in patients with ascitic decompensation [40–42]. According to the ESPEN, other composite
nutrition scores provide no additional prognostic information [42–44] (Figure 2).
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Figure 2. Assessment of nutritional status in End Stage Liver Disease Patients.

2. Nutritional Therapy before Liver Transplantation

The main goals of pre-LT nutritional therapy are to prevent further nutrient and muscle depletion
and to correct any vitamin and mineral deficiencies present in order to minimize the risk of infections
and debility [23].

Because in deceased donor transplantation (DDLT), no one can predict when a patient will
receive a transplant [2], an aggressive early post-operative nutritional support (by enteral route if
possible) should be allocated to those patients with highest MELD scores, especially when they are
undernourished and, if it is anticipated that patients will be unable to eat within for more than two
days. Also, this approach should be considered when patients cannot maintain oral intake above
60% of the recommended intake for more than 10 days [18]. On the other hand, an early, planned,
preoperative nutritional intervention can be performed in most cases of LDLT, since the date of LT is
known in advance, unlike in DDLT. Nutritional therapy, as well as rehabilitation at the time of referral
of a potential recipient, starts approximately a few months before LT to most effectively increase SMM
and BCM [7].

2.1. Route of Nutritional Support

Enteral nutrition (EN) with a gastric or jejunal small-bore feeding tube is the preferable route
of delivery of nutrition for all patients who are not able to maintain adequate oral intake to still
benefit from topical nutritional factors in the gut, and maintain the integrity of the gastric mucosa
and gut barrier. It is also less costly, with fewer complications and decreased hospital length of stay
compared with parenteral nutrition (PN) which carries risk of infection, fluid overload and electrolyte
imbalance [45]. ESPEN guidelines (2006) on enteral nutrition in organ transplantation recommended
use of nutritional support in patients with severe nutritional risk for 10–14 days prior to major surgery
even if surgery has to be delayed [41,42].

EN provides antigenic stimulation to the gut-associated lymphoid tissue and is a stimulus for
biliary secretion of immunoglobulin A [10,46]. These factors maintain the barrier against translocation
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of luminal bacteria to the portal circulation, thus decreasing infectious complications indicated by the
differential urinary excretion of carbohydrates of varying molecular weights [10,47].

With EN, excessive feeding will lead to intolerance with diarrhea, bloating, and vomiting. Because
the gut provides a “gate-keeper” role, major complications related to excessive tube feed administration
are generally kept to a minimum. With PN however, there are no means of regulation and the patient
is forced to assimilate the entire substrate load [10,45].

Feeding tubes do not increase the risk for esophageal variceal hemorrhage, but may be associated
with an increased risk of epistaxis, sinusitis, impaired gastric emptying and tube feeding-associated
diarrhea on long-term use as well as tube retraction, clogging and small intestinal obstruction. However,
complications related to mal-positioned feeding tubes are usually preventable if placement is correctly
achieved and regularly monitored [10,47].

Feeding tubes are preoperatively placed endoscopically by transillumination across the abdominal
wall. The presence of ascites may increase the difficulty in finding a safe window for tube placement.
Fluid in the peritoneal cavity can prevent proper apposition of the gastric body to the abdominal
wall to ensure the healing of a proper tube tract. Ascites that accumulates can also drain through the
tract and increase the risk of infection. Particularly in the setting of hypocomplementemia in cirrhosis,
the decreased opsonization and the open communication from the skin to subcutaneous tissue and
ascitic fluid could further increase the risk of bacterial peritonitis. The concern is for puncture of
a variceal vessel during the procedure. In addition, portal hypertension can lead to many small
collateral vessels subcutaneously that also elevate bleeding risk [18,43].

The indications for PN use in liver disease have recently been reviewed and published by
ESPEN for patients with fulminant hepatic failure and coma, and for patients who are moderately or
severely malnourished and cannot achieve adequate energy intake, either orally or through EN due to
gastrointestinal dysfunction such as esophageal bleeding, ileus or intestinal obstruction or those who
should be [41,48]. Given the low glycogen stores in patients with liver disease, it is important to provide
a glucose infusion in patients who require fasting and are not able to take oral nutrients or EN for
more than 12 h [41,42]. Use of “standardized” formulas should be restricted to stable patients with no
fluid overload who need maintenance fluid administration only [48]. As for stable patients, the option
exists to use fluid maintenance containing water, electrolytes, water- and fat-soluble vitamins or the
liver-adapted solutions containing higher BCAA and lower content of aromatic amino acids [49].

2.2. Considerations for Carbohydrate Supplementation

Carbohydrate intake should exclusively be provided by glucose and cover 50–60% of non-protein
energy requirements. Glucose infusion should supply 2–3 g/kg body weight per day of glucose.
Administration of glucose in excess will result in severe hyperglycemia, lipogenesis and increased
carbon dioxide production [47,48]. Patients with liver failure can have alterations in glucose
homeostasis; therefore, careful monitoring of serum glucose is needed to avoid complications
associated with hyperglycemia [48]. In the early postoperative phase, a dysfunction of glucose
metabolism associated with insulin resistance is often prevalent. Increased ischemia-related damage
of neurons and glia cells, dysfunctional leukocyte function or oxidative stress have been found to be
associated with hyperglycaemia. Thus, hyperglycaemia should be treated by reducing the glucose
intake to 2.0 g/kg/day, and up to 4 IU/h insulin, if needed, to maintain euglycaemia because higher
insulin doses do not improve glucose oxidation. When tacrolimus is used for immunosuppression,
its diabetogenic potential can be lowered by reducing the dose and aiming for trough levels of
3–8 ng/mL without undue risk of rejection [49].

2.3. Considerations for Lipid Supplementation

Patients with advanced LC have decreased plasma levels of essential fatty acids and their
polyunsaturated derivatives such as arachidonate levels that have been associated with lower
survival. Both are cell membrane components and precursors of a wide array of biologically active
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compounds. Lipid should be provided by using emulsions with a reduced content of polyunsaturated
fatty acids, as compared to pure soy bean oil emulsions, and cover 40–50% of non-protein energy
requirements [22,50].

Because fat is important in nutrient repletion of the malnourished patient, dietary fat should not be
restricted unless true fat malabsorption has been diagnosed using a fecal fat test. Incorporating medium
chain triglycerides; an alternative form of fat not requiring bile salts for absorption, can provide
a concentrated source of calories to patients with fat malabsorption and are available in both EN and
PN formulations [22,50].

Many EN formulas provide a wide range of lipid dosages from a variety of sources for fatty acids.
When prescribing total parenteral nutrition (TPN) many hospitals compound “three-in-one” TPN
solutions containing amino acids, dextrose, and lipids. The minimum lipid dose in such combinations
should be 20 g/L or 2% final concentration. More dilute lipid formulas are unstable in the presence
of hypertonic dextrose and amino acids, resulting in separation of the lipid emulsion into oil and
water [50]. However, Clinical essential fatty acid deficiency takes approximately 5 to 6 weeks to
develop without linoleic acid or linolenic acid intake, so it is not likely to become an issue for most
patients with liver failure except in those severely malnourished. Therefore, a short course of “fat-free”
TPN might be used [22,51].

Other hospitals favor separate “piggyback” lipid infusion which may be preferred due to increased
infection risk that comes from TPN solutions hanging for up to 24 h and the use of multi-dose lipid
vials for compounding TPN [40,52]. A large dose of PN lipid can result in reticuloendothelial system
blocking which aggravates infection risk and is exacerbated by rapid “piggyback” infusion techniques,
and ameliorated by slower continuous infusion. Lipid administration should not exceed 1 g/kg/day
using pre-hospital dry weight and should be given over 24 h if possible [49,52].

The use of an omega-3 fatty acid-predominant lipid emulsion can prevent the occurrence
of dietary-induced and parenteral nutrition-induced steatosis and improves the resolution of
cholestasis. Omega-3 can decrease de novo lipogenesis, interfere with the arachidonic acid pathway of
inflammation thereby reducing the availability for eicosanoid-synthesizing enzymes and inflammation.
It is thought that appropriate intake of omega-3 fatty acids would improve immunological resistance
and offer some protection against inflammatory tissue damage and capillary permeability [52,53].

2.4. Considerations for Protein Supplementation

The dilemma of sarcopenic chronically malnourished hepatopathic patients with ESLD and
cirrhosis, having a subtle border between the need for hypercaloric diets rich in proteins and the risk of
hyperammoniemia and HE is still to be solved. In these patients, the need for severe protein restriction,
however, may be alleviated by measures, such as lactulose and neomycin or probiotics to decrease
intestinal ammoniogenesis and BCAAs [54].

Hyperammonemia results from the production of ammonia in the gut and kidneys and the
decreased breakdown by liver and skeletal muscle, caused by sarcopenia in malnourished patients
with liver disease. It is well known that ammonia has a direct toxicity on brain astrocytes. This effect
definitely contributes to HE. In addition, inflammation, infection, and oxidative stress also play
a role [54].

Protein intake should not be limited as this may aggravate protein deficiency, and improvement
in nitrogen balance may be achieved without aggravating HE [55]. Supplementation with vegetable,
rather than animal, source protein may be advantageous [56].

In practice, whole-protein formulas are generally recommended, and BCAA-enriched formulas
should be used in patients who develop HE during re-feeding. Protein intake should be at least
1 g/kg/day initially, and then 24-h urinary urea nitrogen can be measured to assess the catabolic rate
in patients with normal renal function. Further increases in protein intake can be adjusted accordingly.
Progressive increments in protein supplementation should be implemented, up to 1.8–2.0 g/kg/day
as tolerated [52,56].
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2.5. Branched-Chain Amino Acid Supplementation

BCAAs (leucine, isoleucine and valine) do not require the liver for metabolism, and thus are
preferentially used in liver failure. On the other hand, aromatic amino acids (AAAs) (phenylalanine,
tryptophan and tyrosine) are not metabolized effectively in liver failure and thus accumulate [52–57].
The expected ratio, the so-called Fisher’s ratio, or the BCAAs/tyrosine ratio (BTR) should be
3.5:1; however, this ratio falls to 1:1 in patients with ESLD, allowing preferential transport of
the AAAs to occur across the blood-brain barrier [58]. These are metabolized to octopamine,
phenylethylamine, and phenylethanolamine, which are weak false neurotransmitters that compete
with endogenous neurotransmitters, inhibit excitatory stimulation of the brain, competing with
endogenous neurotransmitters, thus aggravating HE [57,58]. In addition, tryptophan is metabolized to
5-hydroxytryptophan (serotonin), which can produce further lethargy [55,56] (Figure 3).

Figure 3. Amino Acids Altered in Liver Disease. The expected BCAAs/tyrosine ratio (Fisher’s ratio),
should be 3.5:1; it falls to 1:1 in patients with end stage liver disease. * Essential amino acids.

There is a debate on the use of BCAA-enriched versus standard amino acid formulas [59–61]
based on the hypothesis that decreased BTR contributes to HE [62]. However, ESPEN guidelines do
not recommend using specialized formulas [41,42].

BCAAs induce secretion of hepatocyte growth factor and glutamine production [63–66]. Leucine
activates the mammalian target of rapamycin signaling pathway, thus inhibiting protein degradation
and activating glycogen synthase [7,11].

Shirabe et al. [67] reported preoperative oral BCAA supplementation reduced the incidence
of post-transplant bacteremia and sepsis in LDLT patients. Nakamura et al. [68] reported that the
phagocytic functions of neutrophils and killer lymphocytes obtained from LC patients were restored
by oral BCAAs supplementation.

Recently, a pre-LT BCAA-enriched formula has been demonstrated to lower ammonia, and improve
albumin, prealbumin, total lymphocyte count, BTR, glucose intolerance, liver regeneration, immune
system function, maturation of dendritic cells and the ability of peripheral blood mononuclear cells to
proliferate in response to mitogens, thus preventing postoperative sepsis [7,65,67].

Initiation of oral BCAAs in patients in the early stage of liver disease may contribute to solving
current LT problems, such as the donor shortage, the availability of only small liver grafts for patients
awaiting LDLT. The use of oral BCAAs might also play a role in improving post-LT mortality by
preserving the hepatic reserve of scheduled LT recipients [68,69].

BCAA supplementation post-exercise attenuated the decline in myofibrillar protein synthesis,
which is vital in preserving lean mass during weight loss. Thus, the addition of BCAA supplements
may have allowed for the maintenance of lean muscle mass because of its potential to enhance
lean muscle protein synthesis [65,70]. Oral ingestion of a BCAA supplement before or after
exercise improved the recovery of damaged muscles by suppressing the endogenous muscle-protein
breakdown [64,66,70].

88



Nutrients 2017, 9, 1126

2.6. Micronutrient Supplementation

Patients with ESLD are susceptible to severe deficiencies in folate and pyridoxal-5′-phosphate,
the biologically active vitamin B6. Thiamine liver stores are depleted in alcoholic and hepatitis C-related
LC [71–73]. This depletion is associated with increased brain ammonia concentrations due to decreased
activity of a-ketoglutarate dehydrogenase, a rate-limiting tricarboxylic acid cycle enzyme [71,72].
Deficiencies in antioxidant micronutrients (selenium, vitamin E, vitamin C) are related to oxidative
stress common in such patients [73].

A typical feature of alcoholic or cholestatic liver diseases is an increasingly severe reduction in
hepatic vitamin A stores, which sometimes leads to infertility and night blindness [73–75]. In vitamin
A-deficient cirrhotic patients, the supplementation of vitamin A, even at relatively moderate doses,
may further aggravate liver injury since high-dose vitamin A preparations may be hepatotoxic due to
polar retinoid metabolites that cause hepatocellular apoptosis and may promote fibrogenesis [74,75].
Decreased levels of folate, B12, calcium, phosphorus and vitamin K with subsequent coagulopathy are
also common [75–78].

Magnesium and zinc deficiency are common in patients with decompensated LC due to decreased
absorption and diuretic-induced increased urinary excretion [31,32]. Clinically, zinc deficiency presents
with alterations of smell and taste, alterations in protein metabolism, and HE. Zinc supplementation
improves glucose intolerance and decreases ammonia levels [31,32,76].

Bitetto et al. [79] observed that vitamin D may act as an immune modulator in LT, favoring immune
tolerance of liver allograft. Additionally, Bitetto et al. found that early vitamin D supplementation,
in addition to preventing osteoporosis, was independently associated with a lack of acute rejection,
which is important because low vitamin D levels are prevalent among LT candidates.

On the other hand, an excess of micronutrients can also be dangerous. Serum ferritin is associated
with increased body iron or can be a consequence of systemic necro-inflammatory states. The level of
serum ferritin acts as a predictor of mortality in LC patients [77].

2.7. Correction of Liver Osteodystrophy

Osteopenia and osteoporosis are highly prevalent in patients with ESLD, and represent
a major cause of morbidity before and after LT [80]. They can be caused by hormonal changes
in parathormone and calcitonin, increased circulating levels of bilirubin and cytokines, corticosteroids,
and immunosuppressive therapy in cholestatic diseases [81–83]. Ingestion of alcohol can directly and
indirectly promote bone loss. However, poor diet, physical inactivity, and degree of liver insufficiency
further contribute to deterioration of bone [81,82].

LT candidates should be encouraged to consume foods high in calcium and vitamin D.
If consumption is low, calcium and vitamin D supplementation (1200–1500 mg/day) is highly
recommended for patients with osteopenia and in combination with bisphosphonates for patients
with established osteoporosis and/or history of fractures. If steatorrhea is diagnosed, as in cholestatic
diseases water-miscible forms of fat-soluble vitamins including vitamin D should be prescribed [81].

Protein metabolism generates a large amount of acid, which must be buffered by the skeleton and
kidneys. The skeleton responds to high serum acidity by releasing a buffering agent calcium into the
bloodstream, activating bone resorption. With more calcium entering the bloodstream, the kidneys
respond by increasing urinary excretion, resulting in a net loss of calcium. There is also a link between
high-fat diets and bone loss, as fat is suggested to inhibit osteoblast formation [80–83].

2.8. Over-Supplementation and Physical Rehabilitation Program

Patients with liver disease commonly suffer from obesity because of continued oral intake along
with limitations in physical activity that are often recommended due to fear that exertion would hasten
the progress of ESLD progression or worsen complications. However, exercise is documented not to
adversely affect liver function tests or worsen symptoms. In fact, the adverse effects of inactivity and
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bed rest may not only worsen the complications of reduced physical functioning, muscle wasting and
osteopenia, but may also be linked to decreased post-LT success [83,84].

Obesity is also considered a predictor of hepatic steatosis in deceased [85] and living donors [12].
A donor’s fatty liver is strongly associated with decreased allograft function and decreased patient
survival [86], and the presence of fatty liver is the main reason for the discarding of potential donor
livers [85]. Pre-LT obese patients may be more likely to have primary graft dysfunction or delayed
graft function after LT [87,88]. Weight loss is used to reduce the amount of liver fat among obese
patients [87].

Dietitians need to resist the temptation to reach the impractical goal of producing anabolism.
Attempts to replete the malnourished metabolically stressed pre-LT patient in excess of the patient’s
energy expenditure lead to hyperglycemia and increased incidence of infection [48]. The goal of
nutritional support for the patient with liver failure is to provide adequate protein and energy
equivalent to, or slightly less than, the patient’s energy expenditure. Therefore, energy restriction to
25–30 kcal/kg/day is routinely used to encourage the mobilization of native fat stores [89].

Recently, a rehabilitation program has been introduced to encourage early postoperative
mobilization and avert pulmonary dysfunction. Because LDLT is an elective procedure that differs
from DDLT, a pre-LT rehabilitation program can be implemented until the day of LT [7].

2.9. Immunonutrition

Use an immuno-modulating diet (IMD) as a part of EN or PN is based on its down-regulatory
effects on inflammatory cytokine production, its modulation of eicosanoid synthesis, and its
amelioration of the necrotized liver injury and post-LT immunosuppression, rather than its effects on
nutrition per se [90,91].

Glutamine dipeptide, arginine, nucleotides and omega-3 fatty acids (fish oil emulsion) intake has
been suggested to minimize ischemia or reperfusion damage of the donor organ [10,63,92]. Arginine
stimulates the release of growth hormone, insulin release, improves nitrogen balance, promotes wound
healing, strengthens immune function and enhances nitric oxide biosynthesis [89].

An IMD enriched with hydrolyzed whey peptide (HWP), which is a protein complex derived
from milk, has been proved to decrease post-LT bacteremia, infections and mortality compared with
a conventional elemental diet [93]. These benefits are attributed to the antioxidant, antihypertensive,
antiviral, anti-inflammatory, and antibacterial properties of HWP because it is rich in lactoferrin,
β-lactoglobulin, α-lactalbumin, glycomacropeptide, and immunoglobulins [10,94]. Lactoferrin protects
against the development of hepatitis caused by the sensitization of Kupffer cells by lipopolysaccharide and
inhibits the production of inflammatory cytokines such as TNF-α, IL-1β, and IL-6 in monocytes [4,7,73].

The considerable amount of steroids administered to patients after LT, as well as surgical diabetes
and insulin resistance, can cause intra- and postoperative hyperglycemia, which has been associated
with surgical site infections [92]. IMD enriched with HWP contains isomaltulose disaccharide (glucose
plus fructose with a glycosidic bond). Isomaltulose is often used instead of sugar in diets for
patients with diabetes mellitus since it prevents postprandial hyperglycemia due to slow resolution.
An IMD enriched with HWP has been found to significantly decrease the incidence of post-LT
hyperglycemia [93,95].

2.10. Use of Synbiotics

Bacterial translocation usually occurring in LC is related to bacterial overgrowth, increased
intestinal permeability and immune alterations, and leads to intestinal edema, decreased peristalsis,
and infection. It also contributes to pathogenesis of a hyperdynamic circulatory state and multiple
organ dysfunction via pro-inflammatory cytokine responses [11,96,97].

Probiotics are living bacteria found in fermented beverages, yogurt and sauerkraut that foster
a hostile colonic environment against bad bacteria. Prebiotics are non-digestible dietary fiber that pass
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unchanged through the gastrointestinal tract and nourish probiotics. Synbiotics are a combination of
both [97,98].

Sugawara et al. [99] reported that preoperative oral administration of synbiotics can enhance
the immune response, attenuate the systemic postoperative inflammatory response, and decrease the
occurrence of post-LT infection and the duration of antibiotic therapy. These benefits of synbiotics are
attributed to the ability of Lactobacillus to initiate immunoglobulin production, restore macrophage
function, stimulate apoptosis, and modulate lymphocyte function. In addition, Lactobacillus is reported
to attenuate cytokine release, increase mucin production, eliminate toxins, and stimulate mucosal
growth [100].

Probiotics such as Enterococcus faecalis, Clostridium butyricum, Echerichia coli strain Nissle
1917, Lactobacillus casei strain Shirota, Bacillus mesentericus, Lactobacillus, and Bifidobacterium
with fructooligosaccharides can all alter gut microbiota, prevent bacterial translocation, decrease
endotoxin levels and restore neutrophil phagocytic capacity [97], since neutrophil function is impaired
by endotoxemia upon bacterial translocation in LC [101].

Lower ammonia levels, significant rates of minimal HE reversal and good adherence by patients,
with greater improvement in all neuropsychological tests, have been all observed upon use of probiotics
compared with use of conventional lactulose [102]. Furthermore, lactulose treatment was associated
with occasional abdominal pain, cramping, diarrhea and flatulence. Synbiotic supplements were free
of such adverse effects [102–105].

2.11. Nocturnal Meals

Periods of fasting should be avoided in cirrhotic patients. Frequent meals should be
implemented to combat catabolic state during the overnight fasting period. Because of this,
nocturnal supplementation of a small bedtime snack and nocturnal glucose supplementation increase
carbohydrate along with decreased lipid and protein oxidation rates in the next morning without
significant BEE changes, thus improving nitrogen balance, total body protein gain and preventing
catabolic states and undernutrition [106,107]. It has been reported that nocturnal BCAAs administration
as a late evening snack (LES) improves the serum albumin level and glucose tolerance in LC
patients [31,106,107].

Some reports found that carbohydrate-predominant LES promote improved nutritional
status [108,109]. Others reported that LES with BCAA were useful in improving protein metabolism
and lipolysis in cirrhotic patients and that energy efficiency of BCAA is higher than that of glucose or
carbohydrates [31,106,107].

For adult recipients preparing for LDLT, Kaido et al. [10,11] illustrated a detailed preoperative
nutritional therapy regimen. It starts approximately 2 weeks before LDLT after BIA assessment.
The therapy consists of the following three components: a nutrient mixture enriched with BCAAs
or BCAAs nutrients as late evening nutrients; synbiotics using a supplementation product enriched
with glutamine, dietary fiber and oligosaccharide three times daily, and a lacto-fermented beverage
containing 5 × 108/mL of Lactobacillus casei Shirota strain once a day via feeding tube or orally until
discharge. Additionally, patients with low serum zinc level receive 1.0 g/day of polaprezinc.

Dietitians should adjust the type and amount of food for each patient to maintain a total energy
intake at least 1.3 times the BEE (e.g., a protein intake of 1.2 to 1.5 g/kg including BCAAs nutrients
(scaled according to degree of hepatic decompensation) adherent to ESPEN guidelines ESPEN [41,42].
Of the total non-protein energy requirements, 60–70% should be administered as high-complex and
simple carbohydrates, whereas lipids should make up the other 40–50%. In malnourished patients,
a daily intake of 50 kcal/kg is required for energy repletion [23]. Excess calories should be avoided,
as this promotes hepatic lipogenesis, liver dysfunction and increased carbon dioxide production,
leading to increased work of breathing [23,42,43].
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3. Nutritional Support after LT

Liver disease, nutrition abnormalities are expected to correct when a new functioning liver
is in place. However, unlike other complications, a reverse of malnutrition and more specifically
of sarcopenia is not a rule after LT. Therefore, despite the regain of liver function after LT and
the improvement in body weight after surgery, the alterations in body composition may persist.
In particular, muscle depletion seems to persist for at least 12 months or more [38,39]. Moreover,
other features of malnutrition, such as overweight and obesity, may occur in liver recipients during
long-term follow-up.

During the stay of surgical intensive care unit (SICU), nutritional support should be emphasized
on the destination of graft function recovery and overall convalescence which is faced with stress from
critical illness and multiple treatments (mechanical ventilation, hemodiafiltration, use of corticosteroid
and immunosuppressive agents and so on) [28,44].

3.1. Factors That May Influence Nutritional Modifications after LT

3.1.1. Liver Gut Brain Axis

The normal hepatic innervations and more specifically, vagus innervation, are lost during
transplantation. It has been suggested that the isolation of the liver from the autonomic regulatory
control may influence not only nutrient absorption and metabolism, glucose and lipids homeostasis
but also appetite signaling and eating behavior [104]. All of these modifications may contribute to the
body composition and weight changes observed in liver transplanted patients [105,106].

3.1.2. Diet

The majority of the published studies reported a significant increase in dietary intake
when the patients were followed after liver transplantation. These changes are particularly
evident in those patients following severe dietary restrictions or in those suffering from relevant
gastrointestinal symptoms or anorexia before LT [107,108]. Calories reportedly improved from
a median of 27 kcal/kg/day to 32 kcal/kg/day and proteins from a median of 0.8 g/kg/day to
1.3 g/kg/day (comparing dietary intake before LT and 12 months post-transplant [73]. Moreover,
overweight or obesity in LT long-term recipients was correlated with the increase in energy intake
(from 1542 ± 124 kcal/day to 2227 ± 141 kcal/day), a higher consumption of both proteins and
carbohydrates and an approximately doubled intake of fat (from 62 g/day to 102 g/day) compared to
pre-transplant [107].

3.1.3. Immunosuppressive Therapy

Corticosteroids need attention as they increase appetite and fat deposition and decrease fat
oxidation; moreover, they are responsible for increased proteolysis and impaired protein synthesis [89].
Calcineurin inhibitors, such as cyclosporine and tacrolimus, may affect energy metabolism and
muscle mass [95]. Cyclosporine was found to be an independent predictor of post-transplant weight
gain [89], whereas tacrolimus has been reported to increase energy expenditure [95]. Both cyclosporine
and tacrolimus may contribute to the impairment of muscle growth and muscle regeneration by
inhibiting calcineurin, which exerts its effects on skeletal muscle differentiation, hypertrophy, protein
accretion and fiber-type determination [89,95]. Other immunosuppressive agents, such as sirolimus
and everolimus, negatively influence muscle mass by inhibiting the mammalian target of rapamycin
complex, which is a key regulator of protein synthesis [95].

After liver transplant, patients will have to take immunosuppressant medication to the end of
their lives. Although modern drugs with less side effects are available, increased survival rates and
decreased overall complications have led to many nutrition status implications associated with the
use of cyclosporine, tacrolimus and corticosteroids. New onset diabetes or glucose impairment is
common initially after the operation as the consequence of immunosuppressant regiment [105,106].
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Diabetic dietary advice is usual required, and if necessary, the use of oral hypoglycemic or insulin
regimens should be tethered according to the progression of diet. If hyperglycemia persists, it should
be managed by reducing excess glucose intake, since higher insulin might hamper increased glucose
oxidation in this period. Also, the diabetogenic potential of the immunosuppressant tacrolimus may
be lowered by reducing its dose, without undue risk of rejection [109].

Many patients may concomitantly present with high potassium levels shortly after the operation.
This usually results from the nephrotoxicity of the prescribed immunosuppressant medication.
Thus, in the early post-transplant periods, it might be important to control potassium food sources
as well as, it the recommendation of the use of dietary techniques which are able to reduce its
content in nutrients [106]. In the long term, this is not indicated, as this condition mostly disappears.
Hypomagnesemia also rises as a consequence of immunosuppression and, patients generally receive
magnesium supplementation, however, some progress with diarrhea. The intake of magnesium rich
food sources should be encouraged, such as dark cocoa, whole grains, nuts, legumes, fruits and green
vegetables. Important to point that the consumption of this kind of food should not be restricted,
even considering the immunocompromised host as a result of anti-graft rejection drugs. Patients
should receive food safety advice to prevent food borne infections, which can be achieved with
the correct handling of fruits and vegetables [95]. “As a result of immunosuppressive medications,
the transplant recipient, in addition to other at-risk people such as those suffering from diabetes,
kidney disease; infants; and the elderly—are 15–20% more susceptible to foodborne illness than
the general population as shigella, yersinia, norovirus, rotaviruses, cryptosporidium, Toxoplasma
gondii, Trichinella and Giardia lamblia. The commonly assumed mode of food contamination
traditionally involved undercooked meats fish, poultry, eggs, fermented foods, and unwashed
raw fruits, and vegetables, fresh salad dressings containing aged cheese raw, non-heat treated
honey or unpasteurized dairy products [110]. Pasteurization and sufficient cooking kill Listeria;
however, contamination with hepatitis A, E. coli, Listeria, Salmonella, may occur after cooking and
before packaging by fecal contamination if handled by food handlers. Flies, may act as carriers of
contamination either directly by laying eggs on the meat by transporting contaminants from one
source to another. the transplant recipient may experience a more rapid onset of symptoms compared
with the general population, in the form of severe dehydration and organ failure/hemolytic uremic
syndrome (E. coli), sepsis, or death (Listeria and Clostridia botulinum). Prevention of foodborne
illness involve thorough cleaning, hand washing, avoiding raw meat or canned food, maintaining
appropriate storage temperature [7,110]. Grapefruit, turmeric, pomelo, ginger, pomegranates, Seville
oranges, black pepper, cranberry juice, black tea, beer, cruciferous vegetables, kava, licorice root,
wine, and olive oil, contain compounds that modulate P450 activity juice should be avoided as
elevate blood immunosuppressant’s levels. Other interactions to be avoided include K-rich foods
(e.g., broccoli, spinach) and Coumadin. Foods containing the substance tyramine, including chocolate,
beer, wine, avocados, some aged cheeses, and some processed meats, and monoamine oxidase (MAO)
inhibitors, a type of antidepressant result in a dangerous rise in blood pressure. Natural licorice,
which contains the compound glycyrrhizin, can reduce the effectiveness of blood pressure medications
and diuretics such as Aldactone (spironolactone). It can also increase the risk of Lanoxin (digoxin)
toxicity. Resveratrol, an antioxidant compound found in red wine and peanuts, inhibits platelet
aggregation, and high intakes could increase the risk of bleeding when consumed with anticoagulant
drugs such as Coumadin [111].

3.1.4. Energy Metabolism

Hypermetabolism after transplantation was significantly associated with hypermetabolism before
LT and a higher cumulative dose of prednisone. Energy expenditure normalized only when insulin
sensitivity was restored. However, those patients with a reduced energy expenditure showed the
higher increase in fat mass [107–109].
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After the LT operation, energy and protein requirements are still increased for weeks. Metabolism
in liver recipients only improves at 4 weeks after LT, especially considering the non-protein respiratory
quotient, serum non esterified fatty acids and nitrogen balance [109]. In the immediate phase
after the operation, protein catabolism is markedly increased and patients should receive about
1.5–2.0 g/kg of protein. Non-protein energy requirements, in this period, vary according to the
metabolic and inflammatory status, with unstable patients demanding lower intakes while the others
more. When indirect calorimetry is not available, estimates between 25 and 30 kcal/kg/day maybe
used [108,109].

Total body water decreases and body fat increases, whereas BCM remains unchanged after
LT [107]. Deficiencies in vitamin A and zinc immediately normalize after LT [108,109]. Increased REE
may persist for a long period after LT [108,112]; however, overweight status and hypercholesterolemia
have been observed after LT [110,111], accompanied by an increase in the saturated fatty acid content
of fat tissue [109,113].

Nutritional status after LT depends on the allograft function; if the allograft fails or is rejected,
many of the nutritional derangements present before LT will persist. Even in a well-functioning graft,
some nutritional disturbances do not completely normalize in the long term after LT. Increased protein
breakdown is often present during the first 2 weeks post-LT; thus, optimizing the nutrient intake over
this period is needed for wound healing and hepatocyte recovery [109,114].

3.2. Nutritional Support during the Immediate Post-LT Phase and Short-Term after LT

The goal of nutrition therapy in the acute post-LT phase is to ensure adequate protein and
energy provisions to avoid protein breakdown [115]. Hypermetabolism has been found predictive of
transplant-free survival independently of MELD and Child-Pugh scores and tends to persist for at
least a year post-LT [116].

Resuming EN within 12 h of LT has been shown to reduce postoperative viral infections and to
produce better nitrogen retention. Patients should be advanced from nutritional support to an oral
diet using smaller and more frequent feedings as soon as tolerated after LT. EN should not be
discontinued until patients are able to maintain an adequate oral intake consistent with their nutritional
requirements [10,11,94].

Intra-operative placement of the tip of the feeding tube in the proximal jejunum allows early EN
after LT. For adult LDLT recipients, Kaido et al. [10,11,94] described in detail an early postoperative
EN regimen using a 9F Witzel enteral tube jejunostomy placed in the proximal jejunum at surgery,
through which an EN is started within 24 h after surgery. The starting total daily energy intake
until postoperative day (POD) 3 is 10–15 kcal/kg and gradually increased to 25–35 kcal/kg using
an IMD enriched with HWP. The initial infusion rate is 20 mL/h. If well tolerated, it is increased to
40 mL/h by POD 5. In case of severe edema of the small intestine or severe diarrhea, the speed of
IMD is decreased to 20 mL/h (=20 kcal/h) or an oral rehydration solution is used. After confirmation
of improvement in edema or diarrhea, the regimen can be resumed. Oral nutrition is started after
swallowing ability is confirmed, usually around POD 5. Dietitians calculate the daily amounts of
protein and carbohydrates required for each recipient and adjust the speed of the EN according to the
oral intake. EN is stopped when the patient can tolerate adequate oral intake containing solid food.
All patients resume preoperative synbiotic supplementation three times daily and a lactic fermented
beverage once a day via the feeding tube or orally until discharge. This technique allows long-term
feeding without discomfort or risk of pneumonia carried by trans-nasal feeding and avoids the need
for concomitant TPN with risk of infection.

Metabolic alkalosis and depletion of serum potassium, phosphorus, and magnesium levels in
the acute post-LT period due to routine chronic diuretic use in cirrhotic patients, amount of fluid
from abdominal drains, gastrointestinal losses or fluid overload should be monitored. Also, refeeding
syndrome should be taken as a risk factor for these disorders. In cases of metabolic alkalosis, 90% are
chloride-sensitive and easily correctable. Chloride can be delivered using TPN as a vehicle [9–11,117].
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Glucose utilization by the transplanted liver is reduced in the first hours of engraftment, due to
impaired mitochondrial respiration and inactivity of the tricarboxylic acid cycle [118,119]. During this
time, energy is generated mostly from fatty acid oxidation and after approximately 6 h, a shift from
fat to glucose utilization occurs in normally-functioning liver grafts, while a failing liver continues
to utilize mainly fat [119,120]. Glucose administration immediately after LT has been recommended
in small quantities and without insulin in order not to suppress peripheral fat mobilization, judged
clinically by blood glucose, lactate, triglyceride levels and arterial ketone bodies [119–122].

Diabetic patients with liver failure receiving EN should be covered with long-acting isophane
insulin suspension on a sliding scale for episodes of hyperglycemia [123].

Patients with fulminant hepatic failure are generally well nourished and do not have a pre-hospital
history of weight loss. Patients without PEM will tolerate 5–7 days of NPO before needing nutritional
support, however, an adequate nutritional supplementation is required as early as comatose patients
are put on liver dialysis and on through to support regenerating hepatocytes. Patients with malnutrition
should start nutritional support sooner. Withholding nutritional support and inducing a cumulative
energy deficit of over 10,000 kcal has been associated with decreased survival [89].

3.3. Long-Term Nutritional Support after LT

In the long-term after liver transplantation, weight gain is mostly observed. It is important to
recover the nutritional status, since the patients lose an average of 9.1 kg during the course of liver
disease [117]. Greatest relative weight gain occurs in the first six months after the operation [47] and,
recovery of all weight loss happens in the first post-transplant year [124]. However, unfortunately,
patients do not stop gaining weight in the subsequent years [125], resulting in the alarming prevalence
of overweight and obesity [47]. During the first 12 months, the fat mass progressively increases in
those patients who had previously depleted overall body mass, but muscle mass recovery is subtle
and non-significant by the end of the first year [126]. Therefore, despite the weight gain, the high
prevalence of sarcopenia does not change after transplantation [7,47].

Metabolic syndrome, hyperlipidemia and obesity are common in patients after the first 6 months
post-LT, especially with immobility, and is associated with an increased risk of major vascular events,
diabetes mellitus, hypertension, cancer and fibrosis progression. These conditions contribute to
long-term morbidity and mortality [7,47,117,124].

Weight gain is mostly between 2 and 16 months after LT, attributed to stimulated appetite by
corticosteroids. Immediately after LT, patients are often instructed to ingest a high-protein, high-energy
diet to counteract weight loss associated with pre-LT cachexia and increased energy requirements for
surgical recovery but can induce unwanted weight gain. Depressive moods have been implicated in
over- and under-eating and should be considered a factor in LT recipients; therefore, patients should
be instructed on a diet that promotes a healthy body composition which is low in fat, with adequate
amounts of lean protein foods to promote muscle gain. Calories should be sufficient to spare protein
from being used as energy, yet not in excess of energy requirements. Regular follow-up with a dietitian
will ensure patient compliance. Dietitians should re-assess nutritional status to optimize the patient’s
diet during the transition from the acute to chronic post-LT phase [41,49,125–127].

Tacrolimus is thought to be associated with a less adverse cardiovascular risk profile than
cyclosporin, with significantly reduced prevalence of hypertension, hypercholesterolemia and obesity,
together with significantly lower triglyceride levels. Corticosteroids also contribute to post-LT
disturbances of these parameters. In patients with stable graft function, withdrawal of prednisolone
over time reduces prevalence of such disorders [117,128]. Long-term administration of glucocorticoids
results in lipid accumulation, weight gain, osteoporosis and muscle-wasting by impairing REE and
substrate oxidation rates. Insulin resistance, postoperative cytokine response, and postmenopausal
status in women are other suggested mechanisms that inhibit gain of muscle mass after LT [129].

Standard recommendations after LT include a “no added salt” diet (3 g sodium/day) to prevent
water retention associated with steroid therapy. However, health professionals often encourage the
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addition of flavoring agents, including sodium, to foods to improve taste in order to promote appetite.
Therefore, sodium intake may be higher than suspected [89].

Several risk factors for bone loss after LT include steroid use, malnutrition, muscle-wasting,
immobilization, pre-LT osteopenia or osteoporosis, previous fractures, and immunosuppressive agents.
Bone loss occurs mostly within the first 3–6 months after LT and increases the risk of fractures within
the first year. However, osteopenia related to cholestasis tends to become stable at 1 year after LT
following improved allograft function. Bisphosphonates may prevent bone loss after LT [78,130–135]
(Figure 4).

Figure 4. Nutritional interventions before and after liver transplantation. BEE: basal energy expenditure;
BCAA: branched chain amino acids; COH: carbohydrates; MCTs: mean chain triglycerides; LT: liver
transplantation; POD: post operative day.

4. Special Considerations in Pediatric LT

In children, malnutrition and growth retardation are usually present in all cases before LT,
specifically linked to the most common indication; biliary atresia. Partial substitution of usual fats
with medium chain triglycerides, and carefully monitored supplementation of fat soluble vitamin are
needed. Anthropometry derangement starts to recover as soon as 6 months after LT. Height recovery
occurs late [128]. Marked catch-up growth is observed in those children with the most severe growth
retardation before LT. However, transplanted children do not have complete catch up growth and
achieve a final height below their genetic potential and even some children experience failure to thrive
after LT [110].

Although individually rare, when considered together, liver-based metabolic diseases represent
approximately 10% of pediatric liver transplants [136]. Strict galactose- or fructose-free preoperative
diets are needed in galactosemia and hereditary fructose intolerance, respectively. Frequent feedings
are needed in glycogen storage diseases, which often includes continuous nighttime nasogastric
feedings in infants. Uncooked cornstarch ingested every few hours in older patients has been shown
to release glucose slowly and steadily and allows avoidance of hypoglycemia [137]. In tyrosinemia,
tyrosine free-diet and Nitisinone (NTBC), which blocks the second step in tyrosine degradation are
fundamental [138].

Medical treatment during the acute presentation of urea cycle disorders is based initially on
reducing blood ammonia levels by (a) discontinuing protein intake and supplying sufficient glucose
intravenously to limit catabolism (b) providing biochemical alternatives for nitrogen excretion as
intravenous or oral sodium benzoate and phenylacetate [138,139]. Long-term dietary protein restriction
is paramount. Enzyme defects block synthesis of arginine and overall protein-restricted diet will lead
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to arginine deficiency. Arginine supplementation is therefore essential in argininosuccinic aciduria or
argininemia to increase nitrogen excretion. However, in carbamyl phosphate synthetase or ornithine
transcarbamylase deficiency, citrulline supplementation is preferred [137–139].

In maple syrup disease, dietary restriction of BCAA and aggressive management of episodic
metabolic decompensation are required. The B12 supplements are added for methylmalonic aciduria.
Tin-protoporphyrin or zinc-mesoporphyrin may decrease the hours of phototherapy required per
day or the need for exchange transfusions in crigler najjar cases. Hydrophilic bile acids are used for
erythropoietic protoporphyria. Copper-free diet and zinc salts supplements when used in a timely
manner can augment chelation therapy to prevent progression of Wilson disease. Likewise, iron-free
diet in haemochromatosis. Mannose or Fucose supplementations are essential in some congenital
disorders of glycosylation. Dextrose 10% infusion suppresses heme synthesis in porphyria [137–139].
A further comprehensive and detailed discussion of age-specific nutritional treatment in pediatric LT
is warranted.

5. Conclusions

Nutritional therapy should be considered an essential adjunct to clinical therapies, especially when
the patient is a candidate for LT. Accurate assessment of nutritional status and adequate intervention
are prerequisites for perioperative nutritional treatment in patients who undergo LT. However,
the metabolic abnormalities induced by liver failure cause the traditional assessment of nutritional
status to be difficult. Preoperative malnutrition and sarcopenia estimated by recently-developed
body BIA have a significant negative impact on post LT outcome. It is essential to provide adequate
nutritional support during all phases of liver transplantation, including preoperative administration of
BCAA-enriched nutrient mixture and postoperative use of an IMD enriched with HWP. Perioperative
nutritional therapy is now indispensable to improve outcomes after LT. Further studies are warranted
to refine patient-tailored nutritional regimens and optimize nutritional recovery and rehabilitation
long-term after LT.
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Abstract: Oxidative stress and inflammation are well-documented pathological factors in alcoholic
liver disease (ALD). Artichoke (Cynara scolymus L.) is a healthy food and folk medicine with
anti-oxidative and anti-inflammatory properties. This study aimed to evaluate the preventive
effects of ethanolic extract from artichoke against acute alcohol-induced liver injury in mice.
Male Institute of Cancer Research mice were treated with an ethanolic extract of artichoke (0.4,
0.8, and 1.6 g/kg body weight) by gavage once daily. Up to 40% alcohol (12 mL/kg body weight)
was administered orally 1 h after artichoke treatment. All mice were fed for 10 consecutive
days. Results showed that artichoke extract significantly prevented elevated levels of aspartate
aminotransferase, alanine aminotransferase, triglyceride, total cholesterol, and malondialdehyde.
Meanwhile, the decreased levels of superoxide dismutase and glutathione were elevated by artichoke
administration. Histopathological examination showed that artichoke attenuated degeneration,
inflammatory infiltration and necrosis of hepatocytes. Immunohistochemical analysis revealed
that expression levels of toll-like receptor (TLR) 4 and nuclear factor-kappa B (NF-κB) in liver
tissues were significantly suppressed by artichoke treatment. Results obtained demonstrated that
artichoke extract exhibited significant preventive protective effect against acute alcohol-induced liver
injury. This finding is mainly attributed to its ability to attenuate oxidative stress and suppress the
TLR4/NF-κB inflammatory pathway. To the best of our knowledge, the underlying mechanisms of
artichoke on acute ALD have been rarely reported.

Keywords: artichoke; acute alcohol liver disease; oxidative stress; inflammation;
TLR4/NF-κB pathway

1. Introduction

Drinking alcohol has always been deemed essential in many areas, such as in social gatherings,
status functions, personal interactions, and conformance. However, long-term excessive alcohol intake
can result in alcoholic liver disease (ALD). ALD is the leading cause of cirrhosis and liver-related
death worldwide for decades and is responsible for 4% of global mortality [1–3]. ALD encompasses a
histological spectrum of liver injury that ranges from steatosis (fatty liver) to alcoholic steatohepatitis
(ASH), and in severe cases, fibrosis, cirrhosis, and ultimately hepatocellular carcinoma [4,5]. Thus, the
control of ALD at an early stage, for example, at a stage prior to the occurrence of ASH, could be of
great significance in preventing development of ALD.
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Potential mechanisms of acute alcohol-induced liver injury are associated with oxidative stress,
steaotosis, endotoxin, dysregulated immunity, and inflammation. However, in recent decades, studies
have focused on the inflammatory pathway in ALD, and increasing evidence demonstrates that
ASH is caused by the lipopolysaccharide (LPS) binding to toll-like receptor (TLR)-induced nuclear
factor-kappa B (NF-κB) activation pathway [6–8]. TLRs are pattern-recognition receptors that enable
the innate immune system to react immediately to infections by recognizing both bacterial and viral
constituents. Among the TLRs, TLR4 can initiate activation of NF-κB and cascade response further
causing the accumulation of pro-inflammation cytokines, ultimately resulting in the aggravation of
inflammatory progress [9–12].

Although various treatments, such as nutritional therapy, pharmacological therapy,
psychotherapy, and surgery, are currently available for the spectrums of ALD, no satisfactory therapy is
available except for abstinence [13–15]. Medications that act as anti-inflammatories and anti-oxidants,
are frequently used as therapeutic drugs in ALD. For example, there is silymarin, which alleviates
liver injury mainly by reducing free radical activity and lipid peroxidation, protecting the liver cell
membrane, and promoting hepatocytes regeneration, and bifendate, which alleviates liver injury
mainly by reducing serum level of alanine aminotransferase (ALT), inflammatory cell infiltration and
liver histological changes. However, clinical applications are limited because of side effects among
other reasons. For example, silymarin has poor oral-bioavailability, and bifendate may cause liver
hypertrophy [16–18]. Thus, finding convincingly effective treatment drugs with fewer side effects
without compromising therapeutic effect continues to be an important goal.

Artichoke (Cynara scolymus L.), an edible herbal medicine of the family Compositae, is a
perennial herb widely studied because of its possible antioxidative and hepatoprotective effects [19–22].
The extracts and derivatives from artichoke contain a variety of dicaffeoylquinic acids and many kinds
of flavonoid functional compounds, such as cynarin (1,5-dicaffeoylquinic acids), chlorogenic acid
(3-caffe-oylquinic acid), luteolin glucoside, and apigenin glucoside [23,24], which exhibit anti-microbial,
anti-allergic, anti-inflammatory, and anticancer effects. One study indicated that artichoke extract had
potential in reducing hypercholesterolemia through preventing lipid peroxidation and ameliorating
hepatic antioxidant status [25]. Another report demonstrated that artichoke aqueous leaf extract
reduced serum total cholesterol (TC), triglycerides (TG), very low density lipoprotein, glucose levels,
and plasma malondialdehyde (MDA) levels in streptozotocin-treated diabetic rats [26]. Reports also
demonstrated that artichoke showed marked anti-inflammatory effects on tissue plasminogen
activator-induced inflammation and antitumor activity in an in vivo two-stage carcinogenesis test in
mice [27]. Besides, it was reported that artichoke extract was very safe to the human body as no obvious
side effects were observed after continuous medication for several months [28]. Therefore, artichoke has
a broad application prospects in ALD treatment due to its anti-oxidant and anti-inflammatory effects.

The purpose of this study was to investigate the prophylactic protective effects of ethanolic extract
from artichoke on acute alcohol-induced injury in an acute ALD mice model. To date, the indicators of
aspartate aminotransferase (AST), ALT, TG, TC, MDA, glutathione (GSH), and superoxide dismutase
(SOD) were assessed. The possible mechanism for acute alcohol-induced liver injury was discussed
using the signals of TLR4 and NF-κB.

2. Materials and Methods

2.1. Materials

Artichokes in freeze-dried powder (8.89% caffeic acid derivatives, 0.98% chlorogenic acid, 0.56%
cynarin) were supplied by Huimei Agricultural Science and Technology Co., Ltd. (Hunan, China),
and the artichokes were diluted into 0.04 g/mL, 0.08 g/mL, and 0.16 g/mL suspensions with distilled
water, respectively. Edible alcohol was obtained from Beijing Red Star Co., Ltd. (Beijing, China), and
edible alcohol was diluted with distilled water to a concentration of 40% (w/v). Regular chow diet
(40–43% corn, 26% bran, 29% bean cake, 1% salt, 1% bone meal, 1% lysine) for mice was purchased
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from Huayueyang Biotechnology CO., Ltd. (Beijing, China). Bifendate was provided by Beijing Union
Pharmaceutical Factory (Beijing, China), and bifendate was diluted as a 0.036 g/mL suspension with
distilled water. Diagnostic kits for AST, ALT, TG, TC, SOD, MDA, and GSH were received from the
Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). Antibodies for TLR4 and NF-κB p50
were purchased from OriGene Technologies, Inc. (Rockville, MD, USA) and Novus Biologicals, Inc.
(Littleton, CO, USA), respectively. All other chemicals used were of analytical reagent and obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Experimental Animals

Seven-week-old male Institute of Cancer Research (ICR) mice (25 ± 2 g) were supplied by
the Shanghai Laboratory Animal Center (Shanghai, China) and acclimated for one week prior to
use. These mice were kept under environmentally controlled conditions (12-h normal light/dark
cycles, 22 ± 2 ◦C and 50 ± 10% relative humidity) with chow diet and water ad libitum. All animal
experiments were approved by the Animal Care and Use Committee of the Huaqiao University
(Approval No. SCXK (HU) 2012-0002) and followed the National Institutes of Health Guidelines for
animal care (Approval No. HQ-ECLA-20160517).

The ICR mice were randomly divided into 6 groups of 10 mice per group:

(1) Control group: mice were gavaged with same volume of 0.9% saline twice per day (interval time,
one hour).

(2) EtOH group (model group): mice were gavaged with same volume of 0.9% saline and with
12 mL/kg body weight (BW) alcohol one hour after saline administration per day.

(3) Positive control group (EtOH + bifendate): mice were gavaged with 0.36 g/kg BW of bifendate
and with 12 mL/kg BW alcohol one hour after bifendate pretreatment each day.

(4) Low-dose artichoke group (EtOH + artichoke 0.4): mice were gavaged with 0.4 g/kg BW of
artichoke and with 12 mL/kg BW alcohol one hour after artichoke pretreatment each day.

(5) Middle-dose artichoke group (EtOH + artichoke 0.8): mice were gavaged with 0.8 g/kg BW of
artichoke and with 12 mL/kg BW alcohol one hour after artichoke pretreatment each day.

(6) High-dose artichoke group (EtOH + artichoke 1.6): mice were gaveged with 1.6 g/kg BW of
artichoke and with 12 mL/kg BW alcohol one hour after artichoke pretreatment each day.

All groups were fed for 10 consecutive days. Then, all groups were fasted for 12 h and
subsequently anesthetized by pentobarbital solution (60 mg/kg BW) before the experiment.

2.3. Serum Biochemical Assays

Blood samples were collected from the retrobulbar vessels of the mice. The samples were
centrifuged at 1500 rpm for 10 min at 4 ◦C (GTR16-2, Beijing Era Beili Centrifuge Co., Ltd, Beijing,
China) to separate the serum after standing for 1 h at room temperature. Serum ALT, AST, TG,
and TC activities were subsequently subjected to diagnostic kit testing (Nanjing Jiancheng Institute
of Biotechnology) according to the instructions provided using spectrophotometer determination
(UV2550, Shimadzu Crop., Kyoto, Japan). Briefly, for assessment of ALT and AST, the samples
were mixed with substrates or buffer solution. After incubation at room temperature for 5 min, the
absorbance at 505 nm was measured. The final data of ALT and AST were represented as U/L.
For assessment of TG and TC, the samples were transferred into a 96-well plate containing substrates
or buffer solution. After incubation at 37 ◦C for 10 min, the plate was incubated for an additional time
after adding color developing agent and the absorbance at 510 nm was measured. The final data are
represented as μmol/L.

2.4. Hepatic Antioxidant and Oxidative Stress Marker Assays

The livers were weighed accurately. A total of 0.5 g liver tissue was cut and washed with distilled
water, then excess water was dried up. Then the liver tissue was cut into slices and homogenated
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with nine volumes of phosphate buffer (4.5 mL) in an ice bath (pH 7.2–7.4). The resulting suspension
was centrifuged at 12,000 rpm for 10 min at 4 ◦C (GTR16-2, Beijing Era Beili Centrifuge Co., Ltd,
Beijing, China), and the supernatant was measured by diagnostic kits of SOD, MDA, and GSH
(Nanjing Jiancheng Institute of Biotechnology) according to the manufacturer’s instructions. In brief,
the concentrations of SOD, MDA and GSH were assayed by hydroxylamine method, thiobarbituric
acid-reactive method and microplate method, respectively.

2.5. Histological Examination of Liver Tissue

Liver tissues were fixed in 10% neutral formalin buffer for 24 h, and 5-μm sections were cut
and stained with hematoxylin and eosin (H&E), and then observed using a Nikon DS-Fi2 fluorescent
microscope (Nikon, Tokyo, Japan). The magnification was 200×. At least 10 areas of each tissue slice
were observed. Representative images were presented. Analyses of pathological changes were based
on proportion of inflammation, necrosis (0 point, 0 foci; 1 point, <2 foci; 2 points, 2–4 foci; 3 points,
>4 foci, per 200× field) and steatosis (0 point, <5%; 1 point, 6–33%; 2 points, 34–66%; 3 points, >66%),
which were assessed by three examiners independently [29].

2.6. Immunohistochemical Analysis of TLR4 and NF-κB

Liver tissues were fixed in 10% neutral formalin buffer and embedded in paraffin.
Five-millimeter-thick paraffin sections were cut and were then heated in unmasking solution at
95 ◦C for 15 min after deparaffinization. Nonspecific binding sites were blocked with goat serum.
Sections were then incubated overnight at 4 ◦C in a humidified chamber with the following primary
antibodies: rabbit anti-TLR4 (1:50) and rabbit anti-NF-κB p50 (1:250). The examiners, blinded to the
experimental groups, counted the cells labeled with TLR4 and NF-κB p50 throughout five random
lesion regions in the stained areas under a 200× light microscope. Then, the expression levels of TLR4
and NF-κB p50 were analyzed by mean integrated optical density (IOD).

2.7. Statistical Analysis

All quantifications for assays were repeated for three times and a mean value was used
by taking mean of the triplicate plus/minus standard deviation (mean ± SD) for each group.
Statistically significant differences (p < 0.05) were evaluated by one-way analysis of variance using
SPSS 18.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Liver Index of ICR Mice

The liver index was calculated as a ratio (%) of the liver weight (g) to body weight (g) [30,31].
At the first stage of ALD formation, excessive drinking implies a large number of calories, resulting in a
dramatic increase in liver weight, body weight and liver index. Thus, the liver index is an informative
ratio for predicting ALD. Table 1 shows the liver indices of mice of six groups. No significant difference
was observed in the final body weight in bifendate or artichoke treatment mice compared with the
EtOH group. However, the weight gain of mice treated with alcohol decreased significantly (p < 0.05)
when compared to control group, which could be explained as a symptom of anorexia caused by liver
damage, indicating the successful establishment of an acute alcohol-induced mice model. Liver index
was significantly increased by 8.79% (p < 0.05) in the EtOH group in comparison to the control group,
whereas no significant decrease was shown in the bifendate group or artichoke treatment groups
compared with the EtOH group. However, the medication groups under bifendate and artichoke
treatment all showed a protective effect on the liver as evidenced by comparatively low liver indexes
when compared with EtOH group, suggesting that artichoke is helpful for attenuating ethanol-induced
liver injury.
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Table 1. Effect of artichoke on liver index of acute alcoholic liver disease (ALD) mice a.

Treatment Group
Dosage
(g/kg)

Liver Weight
(g)

Initial Body
Weight (g)

Final Body
Weight (g)

Liver Index
(%)

Control _ 1.75 ± 0.22 26.46 ± 0.64 36.96 ± 4.26 # 4.78 ± 0.64 #

EtOH _ 1.53 ± 0.17 26.24 ± 0.70 29.94 ± 2.98 * 5.20 ± 0.22 *
EtOH + Bifendate 0.36 1.53 ± 0.18 26.17 ± 0.95 30.18 ± 2.13 * 5.05 ± 0.38

Low-dose artichoke 0.4 1.47 ± 0.23 26.35 ± 0.72 28.79 ± 3.00 * 5.12 ± 0.64
Middle-dose artichoke 0.8 1.57 ± 0.20 26.39 ± 0.52 29.06 ± 2.03 * 5.04 ± 0.44
High-dose artichoke 1.6 1.54 ± 0.12 25.94 ± 0.85 29.84 ± 1.27 * 5.14 ± 0.31

a Data are expressed as means ± standard deviation (SD) (n = 10); * p < 0.05, vs. the control group; # p < 0.05, vs. the
EtOH group.

3.2. Serum Biochemical Markers

The levels of serum ALT, AST, TG and TC are early biochemical and pathological markers of
hepatocyte damage. ALT is a cytosolic enzyme which is mainly presented in the cell cytoplasm, while
AST is a mitochondrial enzyme which is released from the liver and other organs in the body. ALT and
AST are released into the blood, resulting in an increase of serum transaminase when damage (e.g.,
inflammation and necrosis) occurs in liver cells. Meanwhile, TG and TC are characterized as indicators
of fat accumulation in the liver and responses to alcohol consumption [11,32].

As shown in Figure 1, serum levels of ALT, AST, TG, and TC in the EtOH group greatly increased
by 44.63% (p < 0.05), 23.69% (p < 0.05), 43.98% (p < 0.05), and 57.83% (p < 0.05), respectively, compared
with the control group. In AST and TG levels, significant decreases were observed between low-dose
(0.4 g/kg BW) and high-dose (1.6 g/kg BW) artichoke groups. Notably, the ALT, AST, TG, and TC
levels in the artichoke pretreatment groups were abated in a dose-dependent manner compared with
the EtOH group. Pretreatment with high-dose artichoke (1.6 g/kg BW) markedly recovered serum
ALT, AST, TG, and TC levels to near those of control group mice. The results demonstrated that
artichoke pretreatment was also effective in reversing the acute alcohol-induced liver dysfunction.

* *

(A) (B)

* *

(C) (D)

Figure 1. Effects of artichoke on levels of ALT (A), AST (B), TG (C), and TC (D). Values represent
means ± standard deviation (SD) (n = 10); * p < 0.05 vs. the control group; # p < 0.05 vs. the EtOH
group; & p < 0.05. ALT: alanine aminotransferase; AST: aspartate aminotransferase; TG: triglycerides;
TC: total cholesterol.

109



Nutrients 2017, 9, 1000

3.3. Histopathological Analysis

The effect of artichoke on the histopathology of the acute ALD mice is presented in Figure 2.
Staining with H&E revealed normal hepatic architecture within the complete structure, similar size,
tight arrangement, regular hepatic cords with central vein, and clear hepatic sinusoid in control group
(Figure 2A). Nevertheless, the EtOH group demonstrated evident pathological changes, including loose
arrangement, disarrangement of cell cords, leukocytes infiltration, necrosis, and hepatocytes steatosis,
which confirmed the establishment of liver injury with inflammation (Figure 2B). Slight leukocyte
infiltration and hepatocyte steatosis was still observed in the low-dose artichoke (0.4 g/kg) group
(Figure 2D). However, pretreatment with bifendate and artichokes exerted a regenerative effect of
hepatocytes and a decrease of necrotic and inflamed areas. This indicated that artichoke pretreatment
promoted structure restoration of the liver to a certain extent.

As shown in score results (Figure 2G–I), the pathological scores of steatosis, inflammation and
necrosis increased significantly (p < 0.001) in the EtOH group when compared to control group.
However, compared with EtOH group, the degree of hepatic change had made an improvement in
the artichoke and bifendate pretreatment group, suggesting that artichoke had preventive effect of
alleviating alcohol-induced liver steatosis, inflammation and necrosis. Significant differences were
observed between artichoke low-dose (0.4 g/kg BW) and high-dose (0.8 g/kg BW) groups in all score
results. Interestingly, the decrease effect of artichoke was in a dose-dependent manner.

***
***
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(I)

Figure 2. Effect of artichoke on alcohol-induced histopathological changes in liver tissues. (A) Control
group, (B) EtOH group, (C) positive control group, (D) low-dose group, (E) middle-dose group,
(F) high-dose group, (G) steatosis scores, (H) inflammation scores, (I) necrosis scores, and central vein
(CV). Hematoxylin and eosin staining. Original magnification, 200×. Values represent means ± SD
(n = 10); *** p < 0.001 vs. the control group; ## p < 0.01, ### p < 0.001 vs. the EtOH group; && p < 0.01,
&&& p < 0.001.

3.4. Hepatic Antioxidant and Oxidative Stress Markers

Oxidative stress plays a central role in alcohol-induced liver injury and ALD pathogenesis [33].
To counterbalance oxidative stress, a number of enzymatic (e.g., SOD) and non-enzymatic (e.g., GSH)
mechanisms have evolved to protect against reactive oxygen species (ROS) caused by oxidative stress
in alcoholic liver injury. SOD reduces the generation of free radical and lipid peroxide and even
accelerates its clearance, thus reducing the damage of liver cells [34,35]. GSH serves as a reservoir
for cysteine to counteract ROS [36]. SOD and GSH activities reflect the body’s ability of clearing
oxygen free radicals indirectly. Meanwhile, MDA is the main product of lipid peroxidation induced
by ROS; in addition, MDA content can reflex the severity of free radical attacks on the body cells
indirectly [37,38]. Regarding oxidative stress, excessive ROS and MDA will consume a large quantity
of antioxidation factors, such as SOD and GSH. The in vivo SOD and GSH would be unable to fight
against the excessively increasing ROS and MDA once the balance is lost. Maintaining suitable levels
of SOD, GSH, and MDA plays an important role in liver protection from attacks of free radicals.

As shown in Figure 3, the SOD and GSH in the EtOH group decreased by 20.24% (p < 0.05) and
39.08% (p < 0.05) respectively compared with the control group. By contrast, hepatic MDA activity
increased significantly by 255.14% (p < 0.001) in the EtOH group compared with the control group.
Results showed that the activities of SOD and GSH in the blood increased significantly, whereas MDA
decreased significantly when artichoke was subjected to an alcohol diet. Notably, a dose-dependent
mechanism was found for all SOD, GSH and MDA activities. High-dose artichoke (1.6 g/kg BW)
administrations significantly protected against the acute alcohol-induced elevation of MDA activity
(p < 0.001) and reduction of SOD (p < 0.05) and GSH (p < 0.05). This suggested that pretreatment of
artichoke could protect the liver from acute alcohol-induced hepatic oxidative stress.
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*

(A) (B)

**
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(C)

Figure 3. Effects of artichoke on levels of SOD (A), GSH (B), and MDA (C). Values represent means ± SD
(n = 10); * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs.
the EtOH group; && p < 0.01. SOD: superoxide dismutase; GSH: glutathione; MDA: malondialdehyde.

3.5. TLR4 and NF-κB Expression Levels

TLRs are a family of pattern-recognition receptors that enable the innate immune system to react
immediately to infections by recognizing both the bacterial and viral constituents [39]. Among these,
TLR4 is responsible for LPS-induced inflammatory reaction. Acute excessive alcohol exposure increases
gut permeability, which allows gut-derived endotoxins (LPS) to bind with TLR4. The interaction
of TLR4 and LPS result in the activation of NF-κB, which is composed of the p50 and p65 subunits.
Generally, NF-κB is sequestered as an inactive complex in cytoplasm by inhibitory subunit-inhibitory
κB (IκB). Once activated, IκB is phosphorylated and degraded, which allows NF-κB p50 to translocate to
the nucleus and induce the expression of its target genes, hence resulting in release of pro-inflammatory
cytokines, such as tumor necrosis factor α (TNF-α), the interleukin (IL)-1 receptor (IL-1β), IL-6, and
IL-8. All of these pro-inflammatory mediators can aggravate inflammatory progress, ultimately leading
to hepatic fibrosis, cirrhosis, and hepatocellular carcinoma [8,40,41]. Thus, the expression levels of
upstream index TLR4 and downstream index NF-κB in an inflammatory pathway are two pivotal
indicators implicated in inflammation.

As shown in Figure 4, the positive cells of TLR4 were stained as brown or yellow, which were
distributed mainly in the cytoplasm and cell membrane, whereas the positive cells of NF-κB p50
were stained as brown in the nucleus. The mean IOD result showed that expression levels of TLR4
and NF-κB p50 in the EtOH group were elevated significantly, by 147.88% (p < 0.001) and 103.58%
(p < 0.001), respectively, compared with the control group. However, these increases were attenuated by
artichoke pretreatment in a dose-dependent manner compared with the EtOH group. In the mean IOD
of TLR4 expression, a significant difference (p < 0.05) was observed between low-dose (0.4 g/kg BW)
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and high-dose (1.6 g/kg BW) artichoke pretreatment groups. Based on the results, the preventive effect
of artichoke against acute alcohol-induced liver injury was associated with TLR4 downregulation.
The activation of NF-κB was therefore inhibited. Thus, the release of pro-inflammatory cytokines was
limited. The inflammatory effect was then ultimately suppressed.

High

TLR4 NF B

Control

EtOH

Positive

Low

Middle

****
***

*
***

Figure 4. Immunohistochemical analysed results of mice liver in TLR4 and NF-κB. (A) mean IOD
of TLR4, (B) mean IOD of NF-κB, and (Red Arrows) positive cells. Original magnification, 200×.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. the control group; # p < 0.05, ### p < 0.001 vs. the EtOH group;
& p < 0.05. TLR: toll-like receptor; NF-κB: nuclear factor-kappa B; IOD: integrated optical density.
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4. Conclusions

Data presented clearly showed that artichoke reduced levels of AST, ALT, TG, TC, and MDA,
while increasing the levels of SOD and GSH in an acute ALD mice model. Degeneration and necrosis of
hepatic cells were also significantly attenuated by artichoke. Besides, TLR4 and NF-κB expression levels
in liver tissue were effectively downregulated by artichoke. Our study demonstrated that 1.6 g/kg BW
artichoke exhibited significant preventative potentiality for acute alcohol-induced liver injury, whereas
the effect of 0.4 g/kg BW artichoke was not significant. The preventative effect of artichoke was mainly
due to its ability to attenuate oxidative stress and inhibit the inflammatory pathway by suppressing the
expression levels of TLR4 and NF-κB. Overall, 1.6 g/kg BW artichoke could be an effective adjuvant in
the prevention of acute ALD. Moreover, interventions in the pathogenesis of the TLR4/NF-κB pathway
showed its potential as a therapeutic target in acute alcohol-induced liver injury.
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Abstract: Parenteral nutrition (PN) provides life-saving nutritional support in situations where
caloric supply via the enteral route cannot cover the necessary needs of the organism. However,
it does have serious adverse effects, including parenteral nutrition-associated liver disease (PNALD).
The development of liver injury associated with PN is multifactorial, including non-specific intestine
inflammation, compromised intestinal permeability, and barrier function associated with increased
bacterial translocation, primary and secondary cholangitis, cholelithiasis, short bowel syndrome,
disturbance of hepatobiliary circulation, lack of enteral nutrition, shortage of some nutrients (proteins,
essential fatty acids, choline, glycine, taurine, carnitine, etc.), and toxicity of components within the
nutrition mixture itself (glucose, phytosterols, manganese, aluminium, etc.). Recently, an increasing
number of studies have provided evidence that some of these factors are directly or indirectly
associated with microbial dysbiosis in the intestine. In this review, we focus on PN-induced changes
in the taxonomic and functional composition of the microbiome. We also discuss immune cell and
microbial crosstalk during parenteral nutrition, and the implications for the onset and progression of
PNALD. Finally, we provide an overview of recent advances in the therapeutic utilisation of pro- and
prebiotics for the mitigation of PN-associated liver complications.

Keywords: Parenteral nutrition; microbiota; PNALD; intestinal permeability; gut-associated immune
system; bile acids; FXR signalling; pre/probiotics

1. Introduction

Parenteral nutrition (PN) provides life-saving nutritional support in situations where caloric
supply via the enteral route is either not possible or cannot cover the necessary needs of the organism,
e.g., preterm neonates with immature gut, perioperatively in patients requiring massive intestinal
surgery, or in patients with short bowel syndrome (SBS). PN preserves lean body mass, supports
immune functions, and reduces metabolic complications in patients who are otherwise unable to
feed [1]. Nevertheless, PN does have serious adverse effects, one of which is the deterioration of
liver function. PN-induced cholestasis generally refers to the onset of liver disease in the context
of the administration of intravenous nutrition in patients with temporary or permanent intestinal
failure. Other terms commonly used to describe the condition are parenteral nutrition-associated
cholestasis (PNAC) and intestinal failure-associated liver disease (IFALD), but the most frequently used
is parenteral nutrition-associated liver disease (PNALD) [2]. PNALD clinical manifestations—which
range from steatosis, cholestasis, gallbladder sludge/stones, fibrosis, and cirrhosis—can occur
separately or in combination [3,4]. Steatosis (defined as fat accumulation in hepatocytes) can present
as mild to moderate elevations in liver function tests and is usually benign. Cholestasis results from
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impaired secretion or obstruction of bile, and is associated with elevations in alkaline phosphatase,
gamma-glutamyl transferase, and conjugated bilirubin [5].

There are some differences between child and adult patients totally dependent on parenteral
nutrition (TPN) with regard to the pathogenesis of PNALD. Cholestasis occurs in 40–60% of infants,
steatosis in 40–55% of adults, while biliary sludge and cholelithiasis occur in both adults and children.
Child TPN patients (premature infants) typically exhibit prematurity (impaired transsulfuration,
lack of cystathionase, etc.) and bowel lengths <25 cm, while necrotising enterocolitis is frequently
the cause of intestinal failure. In addition, the high-energy requirements (80–100 kcal/kg per day)
for growth are associated with the rapid onset of PNALD within months. All of these factors make
children patients significantly more susceptible to PNALD/IFALD. In adults, a history of PNALD is
characterised by elevated liver enzymes and associated steatosis, which can last for years. Ensuing
complications include steatohepatitis, cholestatic hepatitis, as well as fibrosis and cirrhosis. In contrast,
histology findings in child-type PNALD are defined by cholestasis, portal fibrosis, peri-cellular fibrosis,
bile duct proliferation, pigmented Kupffer cells and non-progressive cirrhosis. Risk factors in children
include lack of taurine, excess of calories, excess of lipids (>3.5 g/kg/day, mainly omega-6 fatty acids),
phytosterols, bowel inflammation, catheter infections, and an absence of the ileo-caecal valve. In adults,
risk factors include lack of choline, excess of calories, excess of lipids >1 g/kg/day, phytosterols, bowel
inflammation, small bowel bacterial overgrowth, and absence of the ileo-caecal valve. In both groups,
sepsis is a significant complication. The detailed differences of the pathomechanisms that underlie
liver damage in both PN-dependent paediatric and adult patients are beyond the scope of this paper.
More information is available in some excellent recent reviews [6,7].

Although the pathogenesis of PNALD is undoubtedly a multifactorial phenomenon,
the privileged role may be attributed to the impaired function of the intestine. It harbours most of the
immune cells in the body and represents the largest area for contact with antigens from the environment.
The gut microbiome plays an essential role in intestinal development and homeostasis maintenance [8].
In humans, the gut microbiome is composed of approximate 1000 species and it is estimated that
their genomes exceed the human genome by more than one hundred-fold. This represents a major
stimulus to the immune system and facilitates the performance of many physiological functions [9].
The gut microbiota is the most abundant cohort of antigen-presenting cells. Based on the above facts,
it is conceivable that the radical alteration of gut microbiome composition and function as a result of
switching to total parenteral nutrition could lead to detrimental effects on the intestine and significantly
contribute to PNALD development.

2. PN and the Gut Microbiota

Data on the gut microbiota in the context of PN have been obtained under three different group
settings: animal models (mouse, rat, piglet), neonate babies (most of them premature), and adult
patients who have lost a substantial portion of functional gut tissue and cannot feed themselves via
the enteral route. Although PN is present in all cases, each of these groups has specific features that
strongly influence microbiome composition (Table 1).
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Table 1. The effect of parenteral nutrition on gut microbiome composition.

Model
Bowel

Resection
TPN

Duration
Enteral
Feeding

References

Rat-adult No 14 days No Firmicutes/Bacteroidetes ratio; shift in
favour of Bacteroidetes [10]

Mouse-adult No 5 days No
Shift from Firmicutes to Proteobactoria
and Bacteroidetes, i.e., Salmonella,
Proteus, Escherichia, Bacteroides

[11]

Mouse-adult No 5 days No Shift from Firmicutes to Bacteroidetes
and Proteobacteria [12]

Piglet-newborn Yes 6 weeks No

Changes in the composition of the
Firmicutes phylum (decrease of
Anaerotruncus, Clostridium,
Ruminococcus, Peptostreptococcus;
increase in Acidaminococcus and
Mitsuokella)

[13]

Piglet-newborn No 7 days No
Lower total bacterial counts and
reduced bacterial diversity, enriched
in Clostridium difficile

[14]

Piglet-newborn No 7 days No
Enriched in C. perfringens and
sulphated monosaccharide-degrading
bacteria

[15]

Piglet-newborn No 14 days No
PN + ω-3: increased Parabacteroides

[16]
PN + ω-6: increased Enterobacteriaceae

Human-pre-term
newborn

Yes Long-term

Yes
Higher diversity, higher abundance of
Gram-negative bacteria, lower odds
of death and late-onset sepsis cases

[17]

No

Less diversity, lower abundance of
Gram-negative bacteria, increased
odds of death and late-onset sepsis
cases

Human-
paediatric/adult Yes Long-term

Yes
Increased Staphylococcus, Pseudomonas,
Campylobacter, Propionibacterium,
Chryseomonas [18]

No Increased Enterobacter, Shigella,
Klebsiella, Fusobacterium

Human-adult Yes Long-term Yes
Enrichment in
Lactobacillus/Leuconostoc; depletion of
anaerobes, especially Clostridiaceae

[19,20]

Human-adult Yes Long-term Yes

High abundance of Proteobacteria,
especially Enterobacteriaceae and
Fusobacteria; changes in the Firmicutes
spectrum, depletion of Lachnospiraceae
and Ruminococcaceae

[21]

2.1. Adult Animal Models

In rats, Hodin et al. demonstrated that after 14 days of PN, total bacterial numbers per gram
of luminal content did not differ between PN-fed and control rats; however, the composition of the
bacterial population significantly changed. Firmicutes abundance dropped while the abundance of
Bacteroidetes did not differ between groups. Consequently, the proportional representation of these
two phyla in PN rats significantly shifted in favour of Bacteroidetes [10]. In a mouse model (5 days
of PN), Miyasaka demonstrated that at the phylum level, the vast majority of mucosa-associated
bacteria in the small bowels of control mice were Firmicutes. However, in the PN group, the dominant
phyla were Proteobacteria and Bacteroidetes. At the genus level, PN mice had more bacteria in the
genera Salmonella, Escherichia, Proteus, and Bacteroides. These genera are often associated with clinical
infections, potentially indicating the development of a pathological state within the intestinal microbial
community. Furthermore, enteral nutrient deprivation resulted in a loss of diversity in the large
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and small intestines [11]. Similar results indicating a shift from Firmicutes to Bacteroides have also
been reported by an independent group [12]. A common feature of all these models is the overall
deprivation of enteral nutrition for the entire duration of the experiments.

2.2. Neonates: Humans

In preterm neonates, the immature gut is much more prone to insults resulting from reduced
intestinal motility, inappropriate immune responses, decreased protective gastrointestinal secretions,
reduced digestive and absorptive function, and increased intestinal epithelial permeability [22].
In a prospective two-centre study, Parm et al. compared the effect of enteral-versus-parenteral
feeding on the pattern of gut colonisation in preterm neonates at risk of late-onset sepsis and
necrotising enterocolitis. PN was associated with the reduced acquisition of both Gram-positive
and Gram-negative colonising microorganisms. Candida albicans colonisation was more frequent in
neonates receiving PN. Despite greater mucosal colonisation by potentially pathogenic microorganisms
(e.g., Enterobacteriaceae and Enterococcus), an enteral feeding regimen was associated with lower odds
of late-onset sepsis and mortality in premature neonates than a PN regimen [17]. Enterococcus faecalis is
the main immune modulator among human intestinal lactic acid bacteria, and is able to downregulate
the expression of the host immune genes that participate in inflammation [23]. Thus, in the context of
the naïve gut, colonisation with some Enterococci may be beneficial due to the suppression of specific
toll-like receptors (TLR)-signalling pathways. Nevertheless, the conclusions drawn by Parm et al. are
limited in that their study only included individuals under third-level neonatal intensive care, with all
participants receiving at least one but usually more antibiotics, all of which may have significantly
influenced gut microflora composition.

2.3. Neonates: Animal Models

In controlled animal model experiments that investigate the effect of PN on gut colonisation in
neonates, enterally fed piglets exhibited a higher bacterial diversity, higher concentrations of bacteria
(CFU/g), and increased colonisation of all segments of the intestinal tract compared to PN pigs.
Translocation of bacteria from the intestinal tract to tissues or blood was similar in both groups.
PN-treated piglets were at higher risk of colonisation by toxin-expressing strains of C. difficile [14].
Using the same model but a different method of bacterial taxa identification (16S rRNA NGS sequencing
versus DGGE analysis), Deplancke found that the bacterial community structure was equally complex
in the ilea of enterally and parenterally fed piglets; however, profiles clustered according to the
mode of nutrition. The opportunistic pathogen C. perfringens, as well as mucus-associated bacteria,
were specifically enriched in the guts of animals dependent on PN [15]. Bacteria capable of using
sulphated monosaccharides were also more abundant in PN samples.

A recently published study by Lavallee et al. demonstrated that not only PN per se but also the
type of lipid constituent affects microbiome composition in newborns. As expected, the gut microbial
composition of PN-dependent piglets differed from those fed with sow milk, but the microbiota
further clustered according to ω-3 or ω-6 PUFA content in the nutrition mixture. Piglets fed with
ω-3 PUFA-rich PN were more similar to the sow milk-fed group than those administered ω-6 PUFA.
The group with prevailing ω-6 PUFA on PN showed a specific and significant increase in Parabacteroides,
while the ω-3 group showed an increase in Enterobacteriaceae [16]. The limitation of this study is that
the antibiotic treatment was administered only to piglets exhibiting signs of sepsis, but not globally to
the whole cohort. Nevertheless, this innovative study points out an unexpected aspect of PN, namely
the interplay of the gut microbiota and lipid components of the nutrition mixture.

2.4. Patients with Small Intestinal Resections: Fed vs. Enterally Deprived Portions of the Intestine

The common denominator for all of the above therapeutic or experimental settings is the absence
of enteral nutrition, which leaves the intestinal microbiota in a state of acute nutrient withdrawal.
No animal study comparing the effect of PN alone or PN in combination with enteral nutrition has
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been carried out. Ralls et al. published an interesting study comparing microbial diversity and
differences in microbial characteristics in enterally fed and enterally deprived portions of the small
bowel obtained after surgical resection [18]. The restraint of this study was the low number of samples
used and the highly heterogeneous population of the patients. However, some valuable implications
can be derived. Although only a partial stratification of microbial communities between fed and
enterally deprived groups was found, some groups tended to expand in the fed group (Staphylococcus,
Pseudomonas, Campylobacter, Propionibacterium, Chryseomonas) in comparison to others in the enterally
deprived group (Enterobacter, Shigella, Klebsiella and Fusobacterium). A close correlation was identified
in patients with low levels of enteric microbial diversity and those who developed post-operative
enteric-derived infections.

2.5. Adult SBS Patients: The Specific Intestinal Environment

Patients diagnosed with short bowel syndrome (SBS) represent a specific group that are
dependent on total parenteral nutrition. SBS occurs in patients with an extensive resection of the
short bowel, leaving less than 150 cm. These patients suffer from severely decreased absorption
capacity for water, electrolytes, and nutrients, while intravenous supplementation is required to
maintain vital functions [24]. General adaptations following intestinal resection include compensatory
hyperphagia, mucosal remodelling of the remaining part of the intestine and major modifications
of the microbiota [25]. In contrast to previously described patient groups and animal models, these
subjects do intake food per os, whereby the residual lumen of the gut is supplied with abundant but
poorly digested substrates. In addition to the excessive nutrient delivery, the gut ecological system
of SBS patients is altered in several other ways. Faecal pH has been shown to be lower in patients
than in controls, with mean faecal pH at approx. 5.6 in type II SBS patients in comparison to the
normal laboratory range of pH (pH = 6 to pH = 7) [19]. Acidic pH creates a specific environment
that favours low pH-tolerant microorganisms [26]. In SBS patients, it is possible that because of the
short length of the remnant small intestine and colon, the level of oxygen becomes too high, and thus
anaerobic bacteria are discriminated in favour of more tolerant facultative anaerobes. The disruption of
enterohepatic circulation may result in disturbed bile acid metabolism and a preference for microbiota
that are tolerant to bile acids.

2.6. Adult SBS Patients: Microbiota Composition

Original studies that describe the microbiome in SBS patients are remarkably consistent in
their findings. The common feature of the SBS microbiota is significantly reduced α-diversity when
compared with healthy controls [21,27,28], which positively correlates with remaining small bowel
length [21] and PN dependence duration [28]. SBS patients harbour a specific faecal microbiota that is
enriched in the Lactobacillus/Leuconostoc group and depleted in anaerobic microorganisms, especially
those of the Clostridiaceae family [19,20]. A characteristic feature of this microbiota is its high abundance
of Proteobacteria, especially Enterobacteriaceae [21,28]. The expansion of Proteobacteria may be linked to
altered nutrition supply, as Proteobacteria can metabolise broader classes of substrates (including amino
acids) and are therefore more flexible than other phyla. The decrease of Bacteroidetes has been reported
both for mucosa [19] and luminal content [28]. The important feature of the SBS microbiome is the
alteration of the Firmicutes community. Firmicutes is a dominant phylum of the healthy gut microbiota.
In SBS patients, this phylum is still highly abundant but some important families of butyrate-producers,
such as Lachnospiraceae, Ruminococcaceae and others, are almost entirely absent [21].

The severe dysbiosis found in SBS patients has a significant impact on the faecal metabolome
and seriously affects the host metabolism. The bioconversion of macromolecules into metabolites is
carried out by the bacteria of various functional groups, resulting in metabolic trophic chains. In SBS,
the trophic chains and fermentation end-products are produced by the lactobiota, and are thus different
from those produced by the healthy microbiota. The dominance of the carbohydrate-fermenting
Lactobacillus/Leuconostoc taxa and the depletion of lactate-consuming anaerobic bacteria result in the
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excessive formation of both D- and L-lactate. Mayeur et al. [27] demonstrated that the individual lactic
acid bacteria composition predicts whether or not a particular SBS patient will accumulate D-lactate in
stools. In healthy humans, the lactate produced by the gut microbiota is not accumulated in faeces but
it is readily absorbed by intestinal cells or converted to other metabolites, particularly the short-chain
fatty acids (SCFA) [29,30]. Furthermore, in healthy humans, D-lactate is efficiently metabolised in the
liver, and is thus eliminated from circulation. SBS patients who often suffer from compromised liver
function are at an increased risk of lactate acidosis and D-lactate encephalopathy. Another consequence
of the profound shift in microbiota composition, particularly the elimination of butyrate-producing
anaerobes, is the significant decrease in SCFA production. This SCFA shortage may have multiple
impacts on the gut immune system, intestinal wall integrity, and endocrine signalling.

3. PN and the Immune System

The gut microbiota profoundly influences the host immune system [31]. Numerous microbial
products—including proteins, polysaccharides, and molecules that activate pattern recognition
receptors—activate Toll-like receptors (TLRs) and NOD-like receptors (NODs) and stimulate the
mucosal immune system [32]. The gut microbiota has an irreplaceable role in mucosal and systemic
immunity maturation [33–35]. It also promotes a tolerogenic state in the intestinal mucosa (stimulation
of Treg lymphocytes, attenuation of NF-κB signalling, etc.) [36–40], and instigates mechanisms
that prevent bacterial overgrowth (induction of IgA secretion) [41–44]. Some commensals even
produce targeted antimicrobial peptides themselves [45]. The healthy gut microbiota provides its
host with a physical barrier to incoming pathogens and stimulates it to produce various antimicrobial
compounds [31].

3.1. The Microbiota and TLR Signalling

The loss of diversity associated with prolonged PN administration has several adverse impacts
on immune functions. The extinction of normally robust commensals facilitates the expansion of
pathogenic strains due to the alleviation of competitive exclusion. For instance, the Proteobacteria
found in the intestines of PN patients includes the opportunistic pathogens E. coli, Salmonella, Yersinia,
Helicobacter, and Vibrio, all of which are commonly associated with infection [46]. Concurrently,
some beneficial commensals that normally stimulate immunotolerance are underrepresented in the
PN-associated microbiota. The shift in the intestinal microbiota (particularly the enrichment in
Proteobacteria expressing many TLR ligands) and the activation of MyD88-dependent TLR signalling are
suspected as causes of pro-inflammatory status in the PN-associated intestinal mucosa. Nevertheless,
results obtained from mice models deficient in TLR signalling in intestinal epithelial cells are
contradictory. Several authors have shown the protective effects of MyD88-targeted deletion in
intestinal epithelial cells. MyD88 deletion inhibited colitis development in a model of spontaneous
colitis (SHP-2 IEC-KO mice), rescued the goblet/intermediate cell ratio and prevented NFκB
hyperactivation and inflammation [47]. In a model of diet-induced obesity, MyD88 KO mice
exhibited increased anti-inflammatory endocannabinoids, antimicrobial peptide production, and
intestinal regulatory T cells, and were partially protected against diet-induced obesity, diabetes,
and inflammation [48]. Accordingly, enhanced MyD88 signalling (C57Bl/6 mice expressing a
constitutively active form of TLR4 in the intestinal epithelium) resulted in an elevated bacterial
translocation, impaired epithelial barrier function, different expression of antimicrobial peptide
genes, and altered epithelial cell differentiation [49]. In contrast, Frantz et al. reported that a loss of
epithelial MyD88 signalling caused the following effects: increased numbers of mucus-associated
bacteria; the translocation of bacteria to mesenteric lymph nodes; reduced transmucosal electrical
resistance; impaired mucus-associated antimicrobial activity; and, downregulated expression of
polymeric immunoglobulin receptor (the epithelial IgA transporter), mucin-2 and the antimicrobial
peptides RegIII and Defa-rs1. These mice were also more susceptible to experimental colitis [50].
MyD88 signalling has also been shown to stimulate gastrointestinal motility [51] and promote the
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differentiation of intestinal epithelial cells [52]. These rather contradictory outcomes suggest that
(i) both low and excessive TLR4 signalling can promote intestinal inflammation and (ii) the interaction
between the intestinal microbiota and the immune system is complex. Further research is needed in
order to better understand these causal relationships.

3.2. The Microbiota and Intestinal Macrophages

An important population of innate immune cells are intestinal resident macrophages, which play
a central role in the maintenance of homeostasis in the gastrointestinal tract [53]. Intestinal
macrophages constitutively produce IL-10, one of the major anti-inflammatory cytokines that promotes
differentiation and maintenance of Treg cells. They are also hyporesponsive to TLR stimulation [54]
and are less prone to the secretion of pro-inflammatory cytokines after LPS stimulation [55]. Resident
intestinal macrophages contribute to the attenuation of the immune response to various bacterial
and food antigens, while maintaining anti-inflammatory tone in the intestine [56,57]. Recent studies
have shown that circulating and tissue-resident macrophages (lung, brain, skin, liver) consist of
populations of different embryonic origin, and are also independently maintained in a steady state
in adulthood [58,59]. Intestinal macrophages seem to be the only exception to this rule. During the
neonatal period, intestinal macrophages are derived from embryonic precursors (the yolk sac and
foetal liver), but are gradually replaced by the progeny of conventional haematopoiesis (i.e., Ly6Chi

blood monocytes) in adulthood [54]. This process occurs in both the small intestine and the colon,
but is regulated by different mechanisms. In the colon, the establishment of the gut microbiota and
commensal-derived signals [54,57] drives the replenishment of resident macrophages. Consequently,
the microbiota can stimulate macrophages to produce tolerogenic IL-10 either via TLR-signalling [60,61]
or via activation of intestinal macrophage receptor GPR109a by microbial metabolites (butyrate,
niacin). This setting helps to establish an “immunotolerogenic” feedback loop, whereby the gut
microbiota actively promotes the recruitment of circulating macrophages into the intestinal mucosa.
These macrophages in turn create a tolerant environment that facilitates the growth of these bacteria.
In contrast to the colon, replenishment and IL-10 production of small intestine macrophages are not
regulated by the gut microbiota but directly by dietary amino acids [62]. PN administration leads
to a profound decline in the number of IL-10-producing macrophages in the small intestine [62].
The compromised replenishment of IL-10-producing macrophages together with the shift in microbial
composition towards a more immunogenic phenotype (TLR ligand-rich Proteobacteria) may act in
synergy towards generating a pro-inflammatory state in the PN-dependent small intestine. To our
knowledge, no data are available regarding the direct effect of PN on colon macrophages. However,
the facts we do have at our disposal, namely the shift in microbiota composition and the increase in
the pro-inflammatory cytokine production, at least suggest a similar scenario.

3.3. The Microbiota and Paneth Cells

Paneth cells are important components of mucosal immunity. They occur at the base of small
intestinal crypts and are the primary source of small peptides that exhibit antimicrobial activity (AMPs),
such as secretory phospholipase A2 (sPLA2), lysozyme, and α and β-defensins [63–65]. Paneth cells
sense bacteria via MyD88-dependent toll-like receptor (TLR) activation, which triggers antimicrobial
action [66]. In the PN mouse model, the attenuated expression of Paneth cell antimicrobial proteins was
associated with a compositional shift in the microbiome (decreased Firmicutes; increased Bacteroidetes
and Proteobacteria), weaker bactericidal activity of mucosal secretions and greater susceptibility to
enteroinvasion by E. coli [14]. Omata et al. demonstrated that PN feeding resulted in the suppressed
secretion of sPLA2 and increased bacterial survival. Taking these data together, PN significantly
impairs the innate immune response by suppressing Paneth cell function [67].
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3.4. The Microbiota and B-Lymphocytes

The current paradigm supposes that the antibody response is directly or indirectly mediated
through TLR signalling, and that it depends on the interaction of bacterial DNA, proteins, and cell
wall components with TLR receptors [68,69]. Quite recently, Kim et al. reported a new mechanism
whereby the gut microbiota affects host antibody responses via their fermentation products (SCFA) [70].
A positive correlation between dietary fibre intake and intestinal IgAs levels was shown previously [71].
Kim et al. tested the hypothesis that SCFA, the main fermentation product of dietary fibre, affects
antibody production. They showed that in isolated mice spleen B-cells in vitro, SCFA increased
acetyl-CoA and regulated metabolic sensors to increase oxidative phosphorylation, glycolysis and fatty
acid synthesis. This in turn produced energy and building blocks that supported antibody production.
In parallel, SCFA controlled gene expression and expressed molecules necessary for plasma B cell
differentiation. The effects of all major SCFA (C2, C3 and C4) were comparable. In vivo, mice fed a low
dietary fibre (DF) diet were more susceptible to Citrobacter rodentium infection compared with mice fed
a high DF diet. In susceptible animals, supplementation with DF or propionate (C3) increased host
resistance and the IgA response to C. rodentium [70].

4. PNALD and Bile Acid Metabolism

4.1. Bile Acid Metabolism and Function

Bile acids (BAs) are synthesised from cholesterol in the liver as primary BAs, which are represented
by chenodeoxycholic (CDCA) acid and cholic (CA) acid in humans. Primary BAs are conjugated
to taurine or glycine in the liver and as bile salts secreted into bile through bile-salt export proteins
(BSEP, ABCB11). Approximately 95% of BAs are reabsorbed in the small intestine via enterohepatic
circulation, while a minor fraction escapes before being further metabolised by the gut microbiota in
the colon to the secondary BAs, such as deoxycholic (DCA), urodeoxycholic (UDCA), and lithocholic
(LCA) acids in humans [72]. In rodents, muricholic (MCA) acid is synthesised as well [73]. Primary
and secondary BAs fulfil multiple functions. First, they serve as physiological emulsifiers that facilitate
enteral absorption of dietary fat and fat-soluble vitamins [74]. Second, they have direct antibacterial
effects. Third, BAs are potent signalling molecules that regulate the host glucose and lipid metabolism
as well as energy homeostasis [75,76]. This regulatory function depends on the interaction of BAs
with specific receptors, predominantly farnesoid-X receptor (FXR) and G-protein-coupled receptor
(TGR5) [77]. However, FXR and TGR5 have different affinities to individual BAs, as FXR is activated
by CDCA > DCA > LCA >> CA and TGR5 is activated by LCA > DCA > CDCA > CA [78].

4.2. Interplay Between Bile Acids and the Gut Microbiota

Because the transformation of BAs is solely dependent on the gut microbiota, the extent of BA
receptor activation is largely dependent on microbiota composition [79]. FXR is a key regulator of BA
metabolism. Activated FXR inhibits CYP7A1, a rate-limiting enzyme of BA synthesis in hepatocytes,
by two mechanisms. In hepatocytes, FXR forms a heterodimer with SHP (small heterodimer partner)
to suppress the transcription of CYP7A1 [80]. In enterocytes, activated FXR stimulates production
of FGF15/19. This cytokine binds to FGFR4 receptor on the hepatocyte surface, thus suppressing
CYP7A1 and BA synthesis [81]. Myiata et al. showed that antibiotic treatment elevates hepatic BA
synthesis in mice via the suppression of FGF15 expression in the ileum [82], which confirms the potent
effect of the gut microbiome on BA metabolism. FXR also regulates enterohepatic BA circulation by
regulating the expression of BA transporters. Bacterial modifications of BAs start with primary BA
deconjugation by bacteria that exhibit bile salt hydrolase (BSH) activity, followed by the formation of
secondary BAs by microbes that exhibit 7α-dehydroxylase and 7α-dehydrogense activity [83]. A wide
array of bacteria exhibit BSH activity, enabling them to deconjugate BAs. However, there are a few
bacteria belonging to the Clostridium clusters XI and XVIa (exhibiting 7α-dehydroxylase activity),
which may catalyse the dehydrogenation of deconjugated BAs [84]. As mentioned above, BAs are
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themselves toxic to bacteria. First, they have direct antibacterial effects. BAs may cause damage to the
bacterial membrane because of their detergent properties [85], promote bacterial protein unfolding and
aggregation [86], and trigger oxidative/nitrosative stress [87]. Second, they may influence bacterial
growth indirectly via FXR activation. Among other genes, FXR controls expression of Ang1, iNos and
IL18, which either counteract microbial overgrowth or protect the intestinal mucosa [88]. Activated
FXR stimulates the expression of cathelicidin, an antimicrobial peptide that is active in bile ducts [89].
Nevertheless, the sensitivity of bacteria to BAs varies significantly. The growth of bacteria such as
Alistipes, Bilophila wadsworthia, Escherichia coli, Listeria monocytogenes and Bacteroides is even facilitated
by BAs, which handicap other symbiotic microbes [84]. Some bacteria are at least BA-tolerant, such as
some Lactobacillus, Bifidobacteria and Clostridium species [87].

4.3. Bile Acids and PNALD

In the 1990s, Ohkohchi et al. reported that SBS children patients suffering from intractable
diarrhoea exhibited a significantly increased faecal BA excretion and altered bile acid composition.
They also observed that primary bile acids accounted for more than 95% of total BAs, while taurine-
and glycine-conjugated BAs accounted for only 10%. In these children, the loss of bile acids was
strongly associated with a decrease in the actual absorptive surface area of the residual small
intestine, while growth of the normal bacterial flora was disturbed in the residual intestine [90].
The relationships between parenteral nutrition, PNALD and BA dysmetabolism were recently studied
using animal models. In one SBS-PNALD model, newborn piglets were subjected to a 75% proximal
small bowl resection and fed solely via the parenteral route [13]. Two and six weeks post-resection,
a significant alteration in microbiota composition was observed, particularly the loss of Clostridiales.
This was coupled with a decrease in the overall bacterial diversity in the colon as well as a shift to a
primary BA-dominant profile in bile, portal serum, and colonic content. The animals also exhibited
hepatic fibrosis, steatosis and inflammation. These changes were associated with a blunted FXR
activation response in the intestine, altered FXR signalling in the liver and upregulated hepatic BA
synthesis [83,91]. Taken together, these data suggest that the altered BA composition following
microbial dysbiosis may contribute to PNALD due to the direct physiological effects of toxic BAs and
altered FXR signalling.

5. PN and Intestinal Barrier Permeability

Epithelial barrier function is essential in order for the intestine to maintain an effective defence
against intraluminal toxins, foreign antigens, and bacteria, and also for enabling the epithelium
to effectively absorb nutrients. Such a defence mechanism requires an intact epithelial layer [92].
Increased incidence of sepsis is a common complication in patients dependent on long-term parenteral
nutrition, and it is acknowledged that organisms arising from enteric flora constitute a large percentage
of these infections [93]. In 1988, Alverdy showed that PN administration in rats significantly increased
bacterial translocation to the mesenteric lymph nodes by increasing caecal bacterial counts and
impairing the intestinal defence [94]. In subsequent years, the loss of epithelial barrier function
was identified as one of the key factors in the development of septic complications associated with
long-term PN dependence [95]. PN-associated loss of the epithelial barrier function is probably the
result of several underlying mechanisms. First, the morphology of the intestinal wall is altered and
the functionality of epithelial cells is compromised. Studies performed using PN mouse models
have revealed structural changes, including the atrophy of small bowel villi, an increase in epithelial
cell apoptosis and a decrease in epithelial cell proliferation [96–98]. Second, PN administration is
associated with increased production of pro-inflammatory cytokines [99,100], while in vitro studies
have demonstrated that cytokines produced by immune cells can result in increased permeability
of the intestinal mucosa [101]. In particular, the upregulation of IFNγ and TNFα expression in
intraepithelial lymphocytes together with decreased production of IL-10 have been identified as the
main factors contributing to this pathology [92,102]. Finally, tight junction proteins have an essential
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role in the maintenance of epithelial barrier function. Among them, ZO (1 and 2), claudins and
occludins are the most important and critical components in the structural and functional organisation
of tight junctions [103–105]. These proteins regulate the transport of ions and small proteins across the
intestinal wall, while their expression is downregulated with PN [92]. Increased TNFα signalling due
to PN-associated pro-inflammatory status results in the dissociation of structural protein ZO-1 from
tight junctions and worsens barrier function [106]. The exact mechanism underlying the aggravation
of epithelial barrier function has not been fully elucidated yet, but there is strong evidence to suggest
that an alteration in TLR signalling may represent a link between PN-induced changes in intestinal
permeability and changes in microbiota composition.

It is important to stress that all of the above results have been obtained using PN models
combined with complete enteral nutrient deprivation. The deprivation of enteral nutrients available
to the intraluminal bacteria alters the selection pressure for determining the dominant species
in the microbiota. In environments of relative starvation, Proteobacteria tend to dominate [107],
while Firmicutes are usually the predominant group in enterally fed states [108]. Wildhaber et al. [97]
showed that limited enteral feeding (covering only 25% of total caloric requirements), completely
reversed the unfavourable phenotype associated with parenteral nutrition (increased bacterial
translocation, elevated production of pro-inflammatory cytokines, T-subpopulation representation in
the intestinal epithelium). Unfortunately, the authors did not determine microbiota composition, so it
is not possible to discern whether the beneficial effect arose only from the provision of nutrients to
intestinal epithelial cells or whether it was co-associated with a shift in microbiota composition.

6. PN and Pro/Prebiotic Treatment

We recently showed that the microbiota of adult SBS patients dependent on total parenteral
nutrition is depleted of anaerobic butyrate producers and that the amount of SCFA (particularly
propionate and butyrate) in luminal content is accordingly very low [32]. Intestinal dysbiosis is often
treated with probiotics, which are defined as live microorganisms that confer a health benefit on the
host when administered in adequate amounts [108]. Positive results have been reported for probiotic
use in the management of postsurgical inflammatory bowel disease [109,110], antibiotic-associated
diarrhoea [111], and necrotising enterocolitis [112]. The most popular components of probiotic
preparations are the members of the Lactobacillus and Bifidobacterium genera, and their usage is usually
safe. Nevertheless, in cases where probiotics have been administered to SBS children patients, positive
as well as adverse effects have been reported. The only available double-blind, placebo-controlled
randomised crossover clinical trial focusing on the effects of probiotics (Lactobacillus rhamnosus
LCG) on intestinal permeability in SBS children was unable to prove any beneficial or negative
effects [113]. A case-control study performed by Uchida et al. [114] evaluated the effects of treatment
on Bifidobacterium breve, Lactobacillus casei and galacto-oligosaccharides. They proved elevation of
stool SCFA in 3 out of 4 patients as well as a trend for increases in height and weight velocity. Five of
the nine case studies delivered evidence on the positive effects of probiotic supplementation, while
the remaining four reported adverse effects, such as Lactobacillus sepsis and D-lactic acidosis [115].
The variable outcomes of probiotic intervention are not surprising, bearing in mind the prevalence of
Lactobacilli in the SBS microbiome. SBS patients suffer, not because of the lack of lactate-producers,
but because of the virtual absence of butyrate-producers that use lactate in the healthy gut. In this
setting, further supplementation with lactate-producing bacteria or their substrates (indigestible
oligosaccharides) would not provide any benefit, and, with respect to microbiota composition in
some cases, could even be detrimental. Supplementation of strictly anaerobic butyrate producers
such as Lachnospiraceae, Ruminococcaceae and others could be theoretically more effective, but because
of the significantly altered short-bowel environment (higher oxygen levels, more acidic pH, shorter
transit time) the effectiveness of this treatment would be questionable. An interesting option for
bypassing all of these obstacles is to supplement SCFA directly to the nutrition mixture. Using neonatal
piglets that had undergone 80% proximal jejunoileal resection, Bartholome et al. demonstrated that
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the supplementation of a mixture with SCFA (acetate, propionate, and butyrate) or butyrate alone
enhanced structural adaptations in the developing intestine [116]. In a mouse model, PN enriched
with butyric acid partially reversed the parenteral nutrition-associated atrophy of gut-associated
lymphoid tissue and improved IgA secretion in the intestinal and extraintestinal mucosae. In addition,
it moderately recovered mucosal atrophy [117]. Other studies report that the intravenous butyrate
improves the mechanical strength of colonic anastomosis [118], moderately increases mucosal protein
synthesis [119] and ameliorates small-intestinal mucosal atrophy (PN rat model) [120]. Taken together,
these data advocate intravenous SCFA (particularly butyrate) supplementation as a new option for the
treatment of PN-associated intestinal complications.

7. Role of the Microbiota in PNALD Development

In the previous sections, we discussed the essential role of the gut microbiota in the maintenance
of homeostasis in the intestinal environment and the adverse effects of dysbiosis (Figure 1). Recent
results suggest that the overall decrease in microbial diversity and the overgrowth of the specific
bacterial groups in the colonic microbiota are associated with PNALD. Wang et al. [121] showed
that gut microbiota composition in SBS infant patients reflects the occurrence of complications like
PNALD or central line-associated bloodstream infection (CLABSI). Although the overall diversity
and number of bacterial species in samples from the asymptomatic group was similar to those
from healthy control infants, there were striking differences in children suffering from PNALD
and CLABSI. In addition to the decrease in diversity and the number of bacterial species, there
was a shift from Gram-positive Firmicutes to Gram-negative Proteobacteria (mainly Enterobacteriaceae).
Many Proteobacteria produce bacterial lipopolysaccharide (LPS), a potent hepatotoxic compound,
and prolonged exposure to higher LPS concentrations may result in liver injury. Furthermore,
the microbiome, when enriched in Proteobacteria, was demonstrated to accelerate liver fibrogenesis,
which may contribute to PNALD development [122]. El Kasmi et al. demonstrated the interplay
between intestinal injury and the intestinal microbiota in the development of PNALD. In mice,
intestinal injury and increased permeability were induced by short-term (4 days) oral treatment
with low doses of dextran sulphate sodium (DSS), followed by the continuous infusion of a soy
lipid-based PN solution for 7 or 28 days. After 7 days on PN, the mice showed an increased intestinal
permeability, elevated portal vein LPS levels, evidence of hepatocyte injury (elevated serum aspartate
aminotransferase, alanine aminotransferase), cholestasis (elevated serum bile acids, total bilirubin),
and an increased expression of interleukin-6, tumour necrosis factor alpha and transforming growth
factor beta in Kupffer cells. Markers of liver injury remained elevated and were associated with
lobular inflammation, hepatocyte apoptosis, peliosis and Kupffer cell hypertrophy and hyperplasia
after 28 days on PN [123]. Interestingly, PN infusion without DSS pretreatment or DSS pretreatment
alone did not result in liver injury or Kupffer cell activation. Suppression of the intestinal microbiota
with broad-spectrum antibiotics and ablation of TLR4 signalling in Tlr4 mutant mice prevented
PNALD development, which strongly suggests the role of the microbiota in its etiopathogenesis.
In a subsequent study, Harris et al. identified the specific microbial taxa associated with PNALD
development in this model. Among those, members of the Erysipelotrichaceae family and representatives
of the Gram-negative S24-7 lineage of Bacteroidetes were identified as candidates that might play a
causal role in the pathogenesis of PNALD [124]. Interestingly, mice treated only with PN without
intestinal injury did not develop PNALD, despite the similar composition of their intestinal microbiota.
Taken together, these experiments suggest that at least two independent conditions must be met
concurrently; (i) overgrowth of specific bacteria due to PN administration and (ii) increased intestinal
permeability allowing MAMPs (microbe-associated molecular pattern) derived from these taxa to
reach the liver and subsequently activate Kupffer cells [124,125].
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Figure 1. Gut microbiota-related factors contributing to PNALD development. Administration of
parenteral nutrition (PN) is associated with decreased production of sIgA, reduced mucin synthesis
in goblet cells and impaired antimicrobial function of Paneth cells. All these factors favour the
growth of pathogenic bacteria (mostly from Proteobacteria) at the expense of beneficial commensals.
In addition, the reduction in sIgA enables greater microbial access to the host epithelium and triggers
an inflammatory response in the lamina propria. Enhanced toll-like receptors (TLR)-signalling due to
the increased presence of potential pathogens stimulates the synthesis of pro-inflammatory cytokines
in immune cells. Altogether, these factors contribute toward compromised epithelial barrier function
(EBF) and increased translocation of endotoxins and even whole bacteria to the portal circulation and
the liver, thereby inducing the inflammatory response. The lower abundance of SCFA producers results
in decreased short-chain fatty acids (SCFA) availability, which attenuates B-cell maturation, specific
antibody production and increased susceptibility to pathogens. The specific loss of secondary bile acids
(BA) producers (Clostridiales) results in a significant shift towards primary BAs in faeces and impaired
hepatic and intestinal farnesoid-X receptor (FXR) signalling. Consequently, bile acid synthesis in the
liver becomes upregulated and expression of bile acid transporters becomes downregulated, resulting
in the attenuation of BA transport to bile and the development of cholestasis.

8. Conclusions

A growing amount of evidence suggests that the deterioration of hepatic function in conjunction
with long-term PN dependence is not the consequence of PN administration per se but because
of intestinal failure and associated complications. The prominent factors seem to be increased
permeability of the intestinal barrier, which facilitates massive translocation of bacterial toxins and
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even microorganisms into the portal circulation, mesenteric lymph nodes and liver, and overall
pro-inflammatory status in the compromised intestine. The gut microbiota plays a profound role in
the maintenance of intestinal barrier function and the establishment of either an immunotolerant or
inflammatory setting of intestinal immunity. Therapeutic strategies focus on microbiota composition
itself through the targeted delivery of beneficial microbiota products or by supplementation with
immunomodulators. Nevertheless, understanding the complex interactions between the gut microbiota
and the modified intestinal environment in PN patients is a crucial condition for efficient treatment.
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Abstract: Congenital disorders of glycosylation (CDG) are a group of more than 130 inborn errors
of metabolism affecting N-linked, O-linked protein and lipid-linked glycosylation. The phenotype
in CDG patients includes frequent liver involvement, especially the disorders belonging to the
N-linked protein glycosylation group. There are only a few treatable CDG. Mannose-Phosphate
Isomerase (MPI)-CDG was the first treatable CDG by high dose mannose supplements. Recently,
with the successful use of D-galactose in Phosphoglucomutase 1 (PGM1)-CDG, other CDG types
have been trialed on galactose and with an increasing number of potential nutritional therapies.
Current mini review focuses on therapies in glycosylation disorders affecting liver function and
dietary intervention in general in N-linked glycosylation disorders. We also emphasize now the
importance of early screening for CDG in patients with mild hepatopathy but also in cholestasis.

Keywords: galactose; mannose; congenital disorders of glycosylation (CDG); treatment;
glycosylation; diet

1. Introduction

Congenital disorders of glycosylation (CDG) are a family of diseases with the common
denominator that they all affect the most important posttranslational modification of proteins, i.e.,
glycosylation [1]. They were initially described by Jaak Jaeken and currently compromise a group of
more than 130 separate entities [1]. The most abundant type of CDG affect N-linked glycosylation.
Most of these CDG are multisystemic diseases with hepatic involvement [2].

N-glycosylation is initiated with the activation of sugars in the cytoplasm of the cell.
These phosphorylated sugars are subsequently transferred to the lipid dolichol, in the membrane of
the endoplasmic reticulum (ER). This stepwise enzymatic assembly process leads to the formation of
a glycan molecule. The base of this glycan consists of N-acetyl glucosamines (GlcNac), followed by
several mannose (Man) residues. It is first assembled at the cytoplasmic surface and later inside the ER.
Finally, the addition of glucose molecules is a signal to release the glycan from dolichol, followed by
the attachment of the glycan to a protein. In the case of N-glycosylation, the glycan is linked to
an amino group of an asparagine (N). The final steps of the glycosylation process take place in the
Golgi apparatus with tailoring of the glycan molecule to its mature form by trimming away some of
the mannose units and adding galactose and sialic acid [3,4].

While the assembly process in the ER is almost fully understood because it is conserved down to
yeast and the consecutive building steps mirror each other, the process in the Golgi is very complicated
as the success of the end product depends on several other factors outside the classic glycosylation
steps. This glycosylation relies on the proper function of several transporters making the activated
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sugars available for synthesis. Defects in Golgi proteins that affect the trafficking and the transport
of glycoproteins throughout the Golgi (functioning for example in the transport of protons and trace
elements) can also lead to hypoglycosylation [3]. This is a rapidly growing family of newly described
CDG [1,5].

The diagnosis of N-linked glycosylation disorders is made by serum transferrin isoelectric
focusing, or mass spectrometry of transferrin isoforms. Depending on whether the defect is localized
in the cytoplasm or endoplasmic reticulum (E.R.) or in the Golgi compartment, a different pattern can
be observed, (type I and type II, respectively) [6].

In O-linked glycosylation, the glycan is linked to the OH-group of serine or threonine.
O-linked glycan defects are often tissue specific. The mucin type of O-glycosylation is Golgi related and
frequently associated with N-linked glycosylation defects. It can be screened by isoelectric focusing
of serum apolipoprotein C-III, that is only O-glycosylated [3]. A well-known group of tissue specific
O-glycosylation defects are the dystroglycanopathies [1,7].

Glycosylphosphatidylinositol (GPI)-anchored glycosylation defects is a growing group of genetic
disorders clinically characterized by intellectual disability and biochemically by hyperphosphatasia.
GPI anchors attach a number of proteins, including alkaline phosphatase, to membranes.
Hyperphopsphatasia reflects the inability of the ectoenzyme (alkaline phosphatase) to anchor to the
membrane and hence this will continue to circulate causing the hyperphosphatasia [3]. Lipid linked
glycosylation is also important for the correct anchoring of T-cell antigens. The best known GPI-anchor
defect, paroxysmal nocturnal hemoglobinuria, is a somatic disorder [4,7].

In CDG there is an important role of the dolichol phosphate mutase (DPM) complex. This complex
is involved in the activation of mannose. Activated mannose is needed in all three glycosylation
pathways N-linked, O-linked, and GPI-anchored [3]. The DPM complex has three subunits
(DPM1, DPM2 and DPM3). Genetic defects in the DPM complex result in severe multisystem
phenotypes, with biochemical anomalies of all three pathways (combined glycosylation defects) [3].
The phenotype consists of typical N-glycosylation symptoms, such as seizures, microcephaly,
strabismus and developmental disability, but also eye anomalies and brain migration defects, seen in
the dystroglycanopathies [8].

Liver disease is a feature of nearly all N-linked CDG. It mostly involves increased levels of
transaminases (for example in the most prevalent CDG, PMM2-CDG). But sometimes it can manifest
as hepatomegaly, cholestasis or liver failure. Histologically, liver fibrosis, ductal plate malformation,
cirrhosis and steatosis have been observed. Especially the recently described CDG subtypes involving
the Golgi can have liver disease, as their predominant feature (ATP6AP1-CDG, TMEM199-CDG and
CCDC1115-CDG) [2,9–11]. In several N-linked CDG, liver transplantation has been necessary, due to
progressive cirrhosis, for instance in MPI-CDG, or CCDC1115-CDG. Not only is transferrin, central to
the diagnosis of N-linked CDG, produced by the liver, but so are a myriad of secreted and glycosylated
proteins. For example, coagulation factors, except for factor VIII, are solely produced by the liver.
In many CDG, there are disturbances of the coagulation profile. Usually this is due to a synthesis defect
with decreased levels of factor IX, XI, protein C, antithrombin III and protein S, and also decreased
glycosylation of these factors [12].

Dietary therapy is an important intervention in CDG [13]. Only a few CGD subtypes are
“treatable”. This article focuses on the different treatment options in N-linked glycosylation disorders
with liver involvement.

2. Materials and Methods

The present literature review started with the search of the Medline database, using PubMed as
search engine (last accessed October 2017). AND and OR operators were used in the database search
to combine the keywords “therapy”, “treatment”, “supplement” or “diet” in combination with CDG
or the two common full names for CDG: (a) carbohydrate-deficient glycoprotein syndrome(s) and
(b) congenital disorder(s) of glycosylation. For the search algorithm see Supplementary File S1.
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Papers were included in present review if they contained information on potential nutritional
treatments in CDG that are known to affect the liver. Additionally, clinical trials were searched
on www.ClincalTrials.gov using the same keywords.

3. Results

Two hundreds and forty-three articles matching these search terms were identified. Selection of the
articles on N-glycosylation and describing nutritional therapy in at least 1 patient or a relevant animal
model. Forty-nine articles were selected for further study. This information was complemented
with the information presented at the World CDG-conference 2017 and the registered trials on
Clinicaltrials.gov.

3.1. Specific Dietary Therapies in Selected CDG Types

Several CDG were found to be (at least partially) treatable by nutritional interventions such as
mannose, galactose, etc. (Table 1).

Table 1. Specific dietary treatments in N-linked disorders of glycosylation.

PMM2-
CDG

MPI-
CDG

PGM1-
CDG

SLC
35A2-CDG

SLC39A8-
CDG

TMEM165-
CDG

Mannose - X - - - -
Galactose - - X X X X

Frequent complex carbohydrate
feeding +/− +/− X - - -

Manganese - - - - X ? *

Abbreviations: CDG: congenital disorders of glycosylation, PMM2: phosphomannomutase 2; MPI: Mannosephosphate
Isomerase. * Manganese only trialed in vitro, cautious use is potentially useful as oral therapy. X Clinically trialed
dietary supplement with positive biochemical and clinical effects. +/− This therapy has shown beneficiary effect in
some of the patients.

3.2. Mannose in PMM2-CDG (MIM # 212065)

PMM2-CDG is the first described CDG and is due to phosphomannomutase-2 (PMM2) deficiency.
It has two clinical presentations. The neurological subtype presents with cerebellar atrophy with
ataxia, intellectual disability, seizures, retinopathy, stroke like episodes and peripheral neuropathy [14].
The more severe and potentially lethal multisystem phenotype, also has organ involvement such
as hepato-gastrointestinal (chronic diarrhea, protein-losing enteropathy, liver failure, cirrhosis),
cardiac and kidney disease [15]. Liver involvement (mainly hepatomegaly and raised transaminases)
is present in up to 50% of patients [2].

Nutritional therapy has been considered and trialed in the past in these patients. In vitro,
there was a clear improvement observed in the glycosylation pattern by treating patient fibroblast
lines with mannose [16,17]. However, clinically, based on multiple clinical reports (but no structural
therapy trials), there has been no confirmed clinical improvement, nor biochemical improvement at
the level of the defective glycosylation, in patients [17,18].

As of now we have to conclude that mannose therapy is not effective in PMM2-CDG. Evaluating
the reported laboratory data in PMM2 deficient patients is also difficult, since in older patients,
transferrin isoforms may normalize spontaneously, and in many patients with PMM2-CDG there is
a gradual improvement of transaminases over time [15], parallel with clinical stabilization. There is
an absolute need for future nutritional therapeutic trials; ideally double blind randomized controlled
trials, in PMM2-CDG.

3.3. Mannose in MPI-CDG (MIM # 602579)

MPI-CDG is longest known treatable CDG-type. It is characterized by bleeding diathesis,
increased risk for thrombotic events, abnormal liver function, hyperinsulinism and chronic diarrhea.
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Patients have a normal intellect. Transferrin analysis shows a type I pattern. On liver histology
congenital hepatic fibrosis, microvesicular steatosis and fibrosis or cirrhosis has been documented.

Initial investigations showed successful restoration of glycosylation by mannose in vitro which
was followed by compassionate use of mannose in MPI-CDG patients [19]. This is not surprising
because mannose can be phosphorylated by the hexokinase so that the defective phophomannose
isomerase (MPI) that converts fructose-6-phosphate to mannose-6-phosphate can be bypassed.
The dose of 200 mg/kg 4–6 times/day was suggested to keep serum mannose levels high
enough to alleviate endocrine abnormalities, coagulation defects and the chronic protein-losing
enteropathy [19–21]. In some of the patients, a higher dosage was needed for full recovery. In a low
percentage of patients high doses of mannose led to hemolysis and jaundice. It can also lead to
seizures [22]. Coagulation abnormalities and hyperinsulinism usually improve within a few weeks
of mannose supplements, both on intravenous and on oral therapy. Chronic diarrhea may recur
in exceptional cases. Mannose therapy does not prevent further hepatic injury and about 1/3
of the patients develop liver cirrhosis, sometimes requiring liver transplantation [21,23]. Formal
placebo-controlled clinical studies of oral or IV mannose in MPI-CDG patients have not been performed
so far, so the data is anecdotal.

3.4. Galactose in PGM1-CDG (MIM # 614921)

PGM1-CDG is a combined disorder of glycogenolysis, glycolysis and glycosylation. Most patients
are born with a midline defect of the palate, cardiomyopathy and multiple laboratory abnormalities
including abnormal coagulation, endocrine parameters and liver function tests. Hypoglycemia
is partially due to hyperinsulinism and the abnormal glycogenolysis in patients. Short stature is
associated with feeding difficulties. Patients have normal intellect [24].

Phosphoglucomutase 1 (PGM1) deficiency is a unique glycosylation disorder showing a mixed
type of glycosylation defect (type I/II). The most characteristic finding is decreased galactosylation
additional to a global decrease in glycan synthesis. Based on the decreased number of galactose
molecules in truncated glycans and the success of galactose supplements in vitro in patient fibroblasts,
recently clinical trials were initiated to evaluate the success of galactose treatment in PGM1
patients [24]. Pilot studies showed an improvement in liver transaminases, coagulation factors
(antithrombin III and factor XI) and in a variable degree of endocrine parameters. The frequency
of rhabdomyolysis decreased, however, the treatment did not affect muscle weakness and creatine
kinase (CK) levels [25,26]. A frequent complex carbohydrate rich diet remains necessary to keep blood
glucose levels in the normal range in all patients. In three patients, transient tube feeding had been
needed due to severe recurrent hypoglycemic episodes. The frequency of hypoglycemic episodes
however did improve on D-galactose therapy.

3.5. Galactose in SLC35A2-CDG (UDP-Galactose Transporter) (MIM # 300896)

This CDG is due to a deficiency of the UDP-galactose transporter (solute carrier (SLC) 35A2) in
the Golgi leading to a type II pattern on transferrin analysis. Clinically it manifests as an early infantile
epilepsy with developmental delay, hypotonia, variable ocular anomalies, and brain malformations
(cerebellar atrophy, delayed myelination and a thin corpus callosum) [27]. Many of the patients have
a mosaic form of the mutation, not showing transferrin abnormalities. Non-mosaic patients have
significant elevation of the transaminases.

In one patient, glycosylation could be nearly completely restored by galactose
supplementation [28]. Although seizures tend to improve on galactose therapy, transaminases remain
elevated (personal communication, European Metabolic Group conference 2016).

3.6. Galactose in SLC39A8-CDG (Manganese transporter) (MIM # 616721)

This type II CDG is a recently described multi-systemic neurodevelopmental disorder with
phenotypes ranging from cranial synostosis, hypsarrhythmia and disproportionate dwarfism
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to strabismus, cerebellar atrophy, hypotonia, intellectual disability and recurrent infections [1].
Liver transaminases can be chronically mildly elevated. SLC39A8 is required for the manganese
homeostasis in the Golgi, where manganese is a cofactor of the β-1,4-Galactosyltransferase.
Unsurprisingly, manganese supplementation [29] and galactose supplementation [30,31] have been
attempted. Galactose generally improves glycosylation and high dose manganese treats the epilepsy.

3.7. Galactose in TMEM165-CDG (MIM # 614727)

TMEM165-CDG, a type II CDG, combines impaired N and O-glycosylation and manifests with
striking osseous changes as epiphyseal, metaphyseal, and diaphyseal dysplasia. Other features that
accompany this peculiar skeletal phenotype are muscular hypotrophy, fat excess, partial growth
hormone deficiency, and, in some patients, episodes of unexplained fever. Biochemically there is a mild
to moderate increases of serum transaminases (particularly of aspartate transaminase (AST)), CK,
and lactate dehydrogenase (LDH), as well as decreased coagulation factors VIII, IX, XI, and protein
C [32,33].

Galactose therapy has very recently shown to be beneficial in patient fibroblasts improved
glycosylation as well as biochemical parameters (blood coagulation) [5]. This could be due
to an upregulation of manganese dependent transferases in the Golgi, such as B4GALT1
(β-1,4-Galactosyltransferase 1).

3.8. General Symptom Directed Dietary Therapy in CDG

Next to the specific treatment of several N-linked CDG, there are also nutritional treatments of
certain syndromes that are often present in CDG.

For instance, hyperinsulism is a well-known feature of MPI-CDG, PGM1-CDG and PMM2-CDG.
This can be treated by dietary interventions, such as using foods with a low glycemic index, nocturnal
tube feeding and the use of uncooked corn-starch in children above 1 year of age [25]. Most patients
need additional diazoxide therapy [25].

There is often a component of failure to thrive in CDG patients. In these patients complimentary
feeding and tube feeding can be necessary. Moreover, an elementary diet can prove to be useful.

Protein losing enteropathy is a main feature of MPI-CDG but can also be present in the
most prevalent CDG (PMM2-CDG). In some patients lymphangiectasia have been documented
and a MCT diet has shown to be useful [12,34]. Somatostatin treatment is an additional
non-nutritional intervention.

MAN1B1-CDG is the only known CDG (type II) that is known to be associated with obesity in
addition to slight facial dysmorphism and psychomotor retardation [35]. In this CDG, caloric restriction
can be necessary.

Similar to MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes)
syndrome, L-arginine has been used to treat stroke-like episodes in CDG. L-arginine could improve
NO production and hence vasodilation in these patients (personal communications, Prof P de Lonlay).
However, no formal trials have been performed.

In CDG presenting with cholestasis (such as ALG8-CDG, COG6-CDG, COG7-CDG,
CCDC115-CDG and ATP6AP1-CDG), nutritional interventions such as in other causes of cholestasis
can be necessary [2]. These entail the supplementation of fat-soluble vitamins and MCT (medium-chain
triglycerides) that are more easily absorbed in the absence of bile [36].

In pediatric neurology, the ketogenic diet has proven to be useful in controlling refractory
seizures [37]. In CDG refractory seizure are rare, but the ketogenic diet could also be used. One issue
complicating this is the occurrence of hyperinsulinism in some CDG often leading to hypoglycemia [15]
while on the ketogenic diet as this contains a low amount of carbohydrates [37].

Dietary treatment of CDG has been mostly successful with the traditional method (fructose and
lactose restrictions), however no clinical trial is available about the efficacy of this diet. Alcohol use
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worsens the liver phenotype in CDG significantly, and oppresses lipid linked oligosaccharide synthesis.
The alcohol-related glycosylation abnormality is reversible.

4. Discussion

Congenital Disorders of Glycosylation are usually multisystem disorders, mostly affecting
the central nervous system, in addition to diverse laboratory anomalies. N-linked glycosylation
defects are always affecting liver function, leading to abnormal synthesis of secretory proteins,
including albumin, hormone transporters, and coagulation and anticoagulation factors, partially due
to abnormal synthetic function of the liver, but also due to a disturbed glycosylation and insufficient
posttranslational regulation of important functional proteins [12]. Alpha 1 antitrypsin, ceruloplasmine
and other liver proteins are frequently abnormal. Liver transaminase levels are almost always elevated,
although spontaneous recovery is common. Hepatomegaly is uncommon and only a few N-linked
disorders lead to cholestasis, fibrosis or cirrhosis [2,9].

Jaundice is rarely present. In fact, only two recently described disorders (CCDC115-CDG
and ATP6VAP1-CDG) are cholestatic conditions. In addition, some patients had to undergo liver
transplantation [9,10].

This is also the case for MPI-CDG, where a cryptogenic liver disease can progress to liver cirrhosis
without overt symptoms, even on successful dietary therapy.

The biochemical background of dietary monosaccharide therapy in CDG is not completely
understood. Mannose therapy has been for long the only treatment in Mannose-Phosphate Isomerase
(MPI) deficiency. The background of the therapy is that the enzyme block in MPI-CDG does not allow
producing sufficient amount of mannose-6-phosphate for the endoplasmic reticulum (ER) related
glycosylation. Using a very high concentration of mannose, administered every 4 hours, could salvage
this [20]. By this concentration mannose can be directly activated (phosphorylated) by hexokinase.
This phosphorylation step requires a higher than physiologic concentration of mannose since the
enzyme’s natural substrate is glucose, and hexokinase is only moonlighting in this reaction under these
conditions. Mannose supplements unfortunately do not solve the clinical problem in PMM2 deficiency
where a lack of mannose-1-phosphate makes further mannose activation impossible [38]. Experimental
treatments in fibroblasts using chemically disguised mannose-1-phosphate are ongoing [13].

The theory behind oral galactose treatment is different. In SLC35A2-CDG the galactose transporter
appears to be upregulated by excess of galactose, which leads to an increase in galactose transport to the
Golgi in vitro [28]. This mechanism is similar to that seen by defects of the fucose transporter SLC35A1
(SLC35A1-CDG), which also shows an improved function on oral fucose therapy, with improving
glycosylation. In both cases, transferrin glycosylation increases significantly but also some of the
clinical features improve [13].

Galactose mode of action is different in PGM1-CDG. The hypothesis is that increasing galactose
concentrations in blood increase galactose-1-phosphate and UDP-galactose levels, which restore the
altered balance within abnormal nucleotide sugar pools. This would improve hypogalactosylation in
the Golgi. Interestingly, in some unknown way, galactose supports the ER related glycosylation as well
in PGM1 deficiency, where it has been shown that lipid linked oligosaccharide synthesis is arrested,
but recovers on in vitro galactose treatment [24–26]. Galactose might offer extra energy substrate for
patients, since some of the adults with PGM1 deficiency also show an improvement of their muscle
disease [39].

In TMEM165, galactose’s positive effect is suspected secondary through B4GALT1, a Golgi
enzyme, which is both manganese and galactose concentration sensitive. TMEM165 defect leads
to abnormal manganese transport to the Golgi, affecting Golgi oligotransferases, which apparently
improve their function with extra galactose, and increase galactosylation [5]. This is similar to galactose
effect in SCLA39A8-CDG, providing manganese for the Golgi, and also for B4GALT1, where both
manganese and galactose therapy restores glycosylation, however a cautiously administered high dose
of oral manganese therapy is clinically more efficient [29].
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Dietary intervention is an evolving and increasingly used therapy in CDG. More and more
subtypes are trialed on monosaccharide supplementation, due to the relatively high safety,
especially compared to experimental drug trials, and the ease of supplementation. Monosaccharides
can be mixed with any type of food and usually have a pleasant, if any taste. Previous experience with
monosaccharide therapy in individual cases showed that increasing the concentration of specific
monosaccharides can lead to an increase in Golgi availability. This has been demonstrated by
improvement in galactosylation on galactose therapy in SLC35A2-CDG [27,28]. Similar results
were observed on fucose therapy in fucose transporter deficiency [40]. Based on these observations
one should hypothesize a potential beneficial effect of sialic acid in SLC35A1-CDG, or of N-acetyl
Glucosamine (GlcNAc) in SLC35A3-CDG as GlcNAc has been already used in the past safely in
patients with different medical conditions, for example as supportive therapy in chronic osteoarthritis,
as a health supplement. Oral sialic acid supplementation, however has not yet been proven to be
efficient and its long acting form was recently withdrawn from clinical trials, due to not reaching any
of the study end-points in GNE-CDG) [13]. The problem with the dietary use of sialic acid is that this
molecule is not efficiently taken up by the cell and in the Golgi compartment as an oral therapy.

Additional dietary therapies could aim at increasing UDP concentrations in the cell, to have
sufficient UDP available for the synthesis of UDP-sugars [24]. This novel approach has been
successfully used in CAD-CDG [41]. This has not been systematically trialed in other CDGs.
Other possible therapies include manganese supplementation in CDGs related to defective manganese
transport, already shown to be effective in two cases of SLC39A8-CDG [29], and manganese can be
probably a potential adjuvant therapy for TMEM165-CDG [5].

The question is, whether these dietary interventions are sufficient, and potentially the most
efficient interventions in CDG? We learnt from the lesson on MPI-CDG, that mannose therapy is not
only risky, when applied in higher doses, but also cannot prevent the progressive fibrotic liver disease
in about one third of the patients [23]. Galactose therapy has beneficial effects in several CDGs but
does not fully alleviate all clinical symptoms. The long term future of CDG therapy is most likely the
use of activated monosaccharides instead of using single dietary sugars. In order to increase substrate
concentrations, or supplement missing substrates, we should administer a more specific therapy by
ingesting only a small amount of the active compound, compared to the currently used large amounts
of simple sugars (in some cases 50 g/monosaccharide added to the diet daily). The efficacy of these
novel potential drugs should be however carefully evaluated, for toxicity. The use of animal models is
imperative instead of using cell culture models, since a successful cellular delivery of monosaccharides
in fibroblasts does not mean that the oral supplementation would be effective [18,38].

5. Conclusions

In summary, in our current mini review we evaluated the different nutritional therapy options,
associated with a positive effect on liver function in CDG. We believe this new type of nutritional
therapy holds great promise for the future and over the last decade numerous CDG have been
transformed to at least partially treatable disorders.
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Abbreviations

CDG Congenital disorders of glycosylation
ER Endoplasmic reticulum
GlcNac N-acetyl glucosamines
Man Mannose
GPI Glycosylphosphatidylinositol
DPM Dolichol phosphate mutase
PMM2 Phosphomannomutase-2
MPI Phophomannose isomerase
PGM1 Phosphoglucomutase 1
CK Creatine kinase
SLC Solute carrier
AST Aspartate transaminase
LDH Lactate dehydrogenase
MELAS Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
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