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Nonalcoholic steatohepatitis (NASH) is emerging as themost
prevalent liver disease in industrialized countries. NASH
is associated with increased liver-related mortality due to
cirrhotic and tumorigenic evolution and it is estimated that
it will become the leading cause for liver transplantation in
the next few years. Apart from liver morbidity, patients with
NASH are also at increased risk for cardiovascular mortality,
because these patients display endothelial dysfunction and
a prothrombotic tendency. Thus, one hot topic in the field
of NASH research is the identification of molecular factors
involved in the progression of liver damage and cardio-
vascular dysfunction. One further challenge is to develop
tools for the noninvasive diagnosis of NASH and for the
assessment of fibrosis; although several efforts have been
made, there is still a need to findmore accurate and affordable
tests. Finally, the main challenge for the clinician involved
in the management of patients with NASH is treatment.
Few patients are compliant with lifestyle modifications and
pharmacological treatments, proposed so far, have been
reported to have limited efficacy and safety.

This special issue on NASH reports original articles
from basic and clinical researchers that give interesting
contributions to the understanding of the pathogenesis and
the clinical management of NASH. The issue contains also
review articles from leading scientists that provide state-of-
the-art view on specific topics. We hope that these articles

may be of some inspiration to investigators and may help
healthcare professionals in their clinical activity.

Federico Salomone
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Elisa Fabbrini
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Liver fat accumulation generally related to systemic insulin resistance characterizes nonalcoholic fatty liver disease (NAFLD),
which in the presence of nonalcoholic steatohepatitis (NASH) can progress towards cirrhosis and hepatocellular carcinoma. Due
to the epidemic of obesity, NAFLD is now the most frequent liver disease inWestern countries. Epidemiological, familial, and twin
studies provide evidence for a strong genetic component of NAFLD susceptibility. Recently, genome-wide association studies led
to the identification of the major inherited determinants of hepatic fat accumulation: patatin-like phospholipase domain-containing
3 (PNPLA3) I148M gene and transmembrane 6 superfamily member 2 (TM6SF2) E167K gene variants, involved in lipid droplets
remodelling and very low-density lipoproteins secretion, are themajor determinants of interindividual differences in liver steatosis,
and susceptibility to progressiveNASH. In this review,we aimed to provide an overview of recent insights into the genetics of hepatic
fat accumulation and steatohepatitis.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined by liver
fat deposition in the absence of excessive alcohol intake.
NAFLD is frequently present in obese individuals and it is
also related to metabolic changes such as systemic insulin
resistance [1]. In susceptible individuals, hepatic steatosis
may result in oxidative hepatocellular damage, inflammation,
and activation of fibrogenesis, namely, nonalcoholic steato-
hepatitis (NASH) [2]. This condition potentially progresses
towards liver cirrhosis and hepatocellular carcinoma [3]. Due
to the epidemic of obesity and the advances in the prevention
and treatment of viral hepatitis NAFLD is now the most
frequent liver disease and the leading cause of altered liver
enzymes in Western countries [4, 5]. Subsequently, NASH

will become the leading cause of end-stage liver disease,
liver transplantation, and hepatocellular carcinoma within
the next decades.

Epidemiological, familial, and twin studies provide evi-
dence for heritability of hepatic fat content,NAFLD, and bona
fide metabolic cirrhosis [6, 7]. In the last years, the genetic
determinants of steatosis are being unrevealed using genome-
wide association studies. These studies have identified
patatin-like phospholipase domain-containing 3 (PNPLA3)
gene variant, involved in hepatocellular lipid droplets remod-
elling and very low-density lipoprotein (VLDL) secretion, as
a major determinant of interindividual and ethnicity-related
differences in hepatic fat content [8, 9]. The transmembrane
6 superfamily member 2 (TM6SF2) E167K gene variant, inter-
fering withVLDL secretion, whichmay be stimulated in early
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NAFLD [10], has recently been shown to increase suscepti-
bility to progressive NASH by compartmentalization of lipids
within hepatocytes [11, 12]. Furthermore, case-control studies
demonstrated a role of other genetic variants implicated in
inflammation [13], insulin signaling [14], oxidative stress, iron
metabolism [15–18], and fibrogenesis [19] in the progression
of fatty liver towards NASH associated fibrosis.

Newly identified genetic risk variants could provide a
useful tool for the clinical management and prognosis of
patients withNAFLD.Theymay also lead to the identification
of drugs for treating NASH, a condition for which specific
pharmacological treatment is still lacking.

The main purpose of this narrative review is to provide
an overview of recent insights into the genetics of hepatic
fat accumulation and steatohepatitis, specifically focusing
on inherited variants regulating lipid metabolism. These
recent advances have contributed in a short time to unravel
the pathogenesis of NAFLD and may soon translate into
therapeutic advances. For a comprehensive overview of all
studies related to NAFLD and NASH genetics see the recent
review by our group [20].

2. Pathophysiology of NAFLD and NASH:
The Current View

TheacronymNAFLDdefines a wide spectrumof liver disease
characterized by hepatic fat accumulation in the form of
triglycerides exceeding 5% of liver mass in the absence
of significant alcohol consumption. NAFLD may remain
uncomplicated or progress into severe hepatitis characterized
by severe steatosis, lobular inflammation, and hepatocellular
damage and apoptosis with activation of fibrogenesis [21].
The final outcome of NAFLD is life threatening conditions,
namely, cirrhosis and hepatocellular carcinoma [3]. Hep-
atic fat accumulation results from an unbalance between
triglycerides acquisition, synthesis, utilization, and secretion
[22, 23] and it represents the safest way to store fatty acids
(FFAs) in the liver [24]. Several lines of evidence support a
model where the excess in hepatocellular triglycerides derives
from increased peripheral lipolysis [25] due to adipose
tissue insulin resistance [26], an increased hepatic lipogen-
esis due to hyperinsulinemia, and an excessive food intake
(Figure 1(a)). Indeed, the major determinant of NAFLD is
systemic insulin resistance [1, 27]. Steatosis per se may then
in turn worsen hepatic insulin resistance contributing to
metabolic disturbances and cardiovascular damage [28, 29].
Reduction in hepatocellular triglycerides secretion through
VLDL [23] and in utilization due to mitochondrial damage is
also involved in hepatic fat accumulation.

The development of NASH has been classically ascribed
to the occurrence of multiple parallel “second-hits,” leading
to the activation of inflammation, in the context of hepatic
steatosis [30, 31]. This second insult may be related to
a variety of conditions: (a) direct hepatic lipotoxicity, (b)
hepatocellular oxidative stress secondary to free radicals
producedduring𝛽- and omega-oxidation of FFAs, (c) inflam-
mation triggered by endotoxin engaging Toll-like receptor-4
in Kupffer cells and hepatocytes due to increased intestinal

permeability, (d) qualitative and quantitative changes in gut
microbiota [32–34], (e) release of cytokines by the hepatic
stellate cells, and (f) endoplasmic reticulum stress. All these
conditions lead in the end to inflammation, cellular damage,
and activation of fibrogenesis in the liver [35].

3. Heritability of NAFLD and NASH

Epidemiological, familial, and twin studies [6, 7] and clinical
case series showing familial clustering support a strong
heritability component in NAFLD and NASH [36]. Twin
studies show that ALT levels, mostly reflecting liver fat
content in the absence of alcohol abuse or viral hepatitis, are
a heritable trait explained up to 60% by genetic factors [37]. A
study population among Danish twins identified substantial
heritability (35–61%) for levels of aminotransferases [38].

Ethnic differences have been reported in the prevalence of
NAFLD and NASH [4, 39]. Hispanics are at higher risk than
individuals of European descent, whereas those fromAfrican
descent are protected from these conditions irrespective of
diabetes and excess body weight [7, 40].

4. PNPLA3 I148M Mutation Is the Major
Genetic Determinant of NAFLD and NASH

The major determinant of the interindividual and ethnicity-
related differences in hepatic fat content was identified by
an exome wide association study. This is the rs738409 C>G
single nucleotide polymorphism (SNP) in the PNPLA3 gene,
encoding for the isoleucine to methionine substitution at
position 148 (I148M) [8]. In humans PNPLA3, also called
adiponutrin, encodes a 481 amino acid membrane protein
localized in the endoplasmic reticulum and at the surface
of lipid droplets. In human this protein has the highest
expression in hepatic stellate cells, retina, and hepatocytes.
In mice Pnpla3 is upregulated in the liver after feeding and
during insulin resistance by fatty acids and the master regu-
lator of lipogenesis SREBP-1c [41]. Although the mechanism
underlying the progression to liver disease remains an area
of active research, PNPLA3 has a triglyceride and retinyl-
palmitate esterase activity [42–44].The isoleucine to methio-
nine substitution leads to a loss of function of these activities,
of the enzyme, leading to changes in an impairment of lipid
catabolism, lipid droplets remodelling, and VLDL secretions
[42, 45, 46]. This would favour hepatocellular accumulation
of triglycerides during insulin resistance (Figure 1(b)).

A robust association of the I148M variant with hepatic fat
content has been confirmed in several studies both in adults
[8, 47–58] and in developmental age [59–62]. Most impor-
tantly, in carriers of the I148Mmutant protein environmental
stressors, namely, obesity [63], abdominal fat [64, 65], exces-
sive alcohol consumption [66], chronic viral hepatitis [67,
68], or iron overload [69], trigger progressive liver damage
[58]. Dietary habits are also relevant; indeed, the magnitude
of the increase in liver enzymes in I148M carriers is correlated
to high dietary carbohydrate and sugar consumption [70–72]
and increased omega6/omega3 polyunsaturated fatty acids
ratio [73, 74]. Interestingly, the carriers of the PNPLA3 I148M
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Figure 1: Molecular genetics of NASH. (a) NAFLD is characterized by the hepatic fat accumulation in lipid droplets resulting from an
unbalance between triglycerides acquisition and secretion. FFA stored as triglycerides during hepatic steatosis derive fromperipheral lipolysis
related to adipose tissue insulin resistance, followed by de novo lipogenesis induced by hyperinsulinemia, and excessive food intake. In the
liver, FFA can be catabolized through 𝛽-oxidation and reesterification to triglycerides and stored as lipid droplets or exported as VLDL. (b)
PNPLA3 I148M variant is attached on the surface of lipid droplets reducing triglyceride breakdown leading to lipid retention in the hepatocyte
lipid droplet. (c) TM6SF2 E167K variant reduces triglycerides secretion through VLDL, leading to hepatocellular retention of lipids.
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variant have a substantial increased risk in cirrhosis and
hepatocellular carcinoma [66, 67, 75–84] independently of
the predisposition to steatosis. This suggests that PNPLA3
contributes directly to the fibrogenesis and carcinogenesis
[9, 57, 61, 83, 85]. Indeed, PNPLA3 retinyl-palmitate activity
in hepatic stellate cells may influence hepatic regeneration
and differentiation by altering availability of retinol, potent
regulators of these phenomena [44].

To summarize the PNPLA3 I148M variant is a robust
genetic determinant of hepatic steatosis triggered by a
number of environmental factors [9, 85] and the PNPLA3
associated steatohepatitis (PASH) may be mediated by a
direct effect on hepatocyte and on hepatic stellate cells
[86]. The mechanisms linking the I148M PNPLA3 variant
with liver disease progression and hepatocellular carcinoma
development have recently been reviewed by our group [9,
83].

5. TM6SF2 E167K and Very Low-Density
Lipoproteins Secretion

In 2014, two exome and genomewide association studieswere
reported identifying the rs58542926 C > T genetic variant of
the transmembrane 6 superfamily member 2 gene (TM6SF2),
which encodes the loss-of-function lysine (E) to glutamic acid
(K) at position 167 substitution (E167K), as a determinant
of hepatic triglyceride content, serum aminotransferases,
and lower serum lipoproteins [11, 87]. The same studies
demonstrated that silencing of TM6SF2 reduces secretion of
VLDL resulting in intrahepatic retention of triglycerides and
steatosis in mice and in hepatocytes in vitro [11, 87, 88].

Very recently, in large collaborative European study
evaluating a large cross-sectional cohort of 1,201 individuals
at risk of NASH it was demonstrated that the E167K variant is
associated with the full spectrum of liver damage associated
with hepatic fat accumulation, including NASH, hepatocel-
lular ballooning, and necroinflammation. Importantly, the
association between the E167K variant and advanced fibrosis
was abolished after conditioning for NASH, suggesting that
fibrosis progression is mediated by the effect of the genetic
variant on intracellular retention of lipids, mainly triglyc-
erides and cholesterol, within hepatocytes. In keeping with
this interpretation, the severity of liver damage was found
to be correlated with the amount of hepatic triglycerides
accumulation in patients with NAFLD [89].

The link between the NCAN locus and NAFLD severity
[90, 91] and an independent study reporting an association
between TM6SF2 and moderate/severe fibrosis [92] sup-
port the association between TM6SF2 and liver damage in
NAFLD. Indeed, the E167K is the causal variant explain-
ing the association of the NCAN locus with altered lipid
metabolism [11, 87].

The association of E167K with NASH and advanced
fibrosis contradicts the notion that long-term storage of
fatty acids in hepatocytes in triglycerides is benign [93]. In
addition, it has been demonstrated that also the PNPLA3
I148M variant by altering lipid droplets remodelling impairs
the ability to export triglycerides to secreted VLDL [45,

46]. The deleterious effect on liver damage of the impaired
ability to secrete triglycerides in VLDL is also supported by
the association between progressive liver disease and rare
apolipoprotein B (APOB) andmicrosomal triglyceride transfer
protein (MTTP) mutations directly causing VLDL retention
[93, 94]. A possible alternative mechanism may be related
to the toxicity of excessive hepatocellular cholesterol and the
consequent mitochondrial damage in carriers of the E167K
variant [95, 96]. All in all, these novel findings suggest that
compartmentalization of neutral lipids within hepatocytes is
harmful for the liver.

6. GCKR and Lipogenesis

In a meta-analysis of combined GWAS datasets, besides
PNPLA3 I148M, other genetic loci were associated with liver
fat content. These included NCAN (explained by TM6SF2,
as mentioned previously), glucokinase regulator (GCKR,
SNP rs780094), and lysophospholipase-like 1 (LYPLAL1, SNP
rs12137855). Both variants in GCKR, a regulator of glu-
cose metabolism and LYPLAL1, involved in triglycerides
catabolism, were also shown to influence liver damage [97,
98]. It has been hypothesized that the association of the
rs780094 GCKR polymorphism with hepatic fat accumula-
tion can be explained by the linkage disequilibrium with
rs1260326, encoding for the P446L protein variant. The
P446L variant indeed affects GCKR ability to negatively
regulate glucokinase in response to fructose-6-phosphate,
thereby determining constitutive activation of hepatic glu-
cose uptake [99]. This would lead to decreased circulating
fasting glucose and insulin levels, but on the other hand
it would lead to increased glycolysis and production of
malonyl-CoA. Malonyl-CoA is a key metabolite, because it
favors hepatic fat accumulation by serving as a substrate
for lipogenesis and blocks fatty acid oxidation through the
inhibition of carnitine-palmitoyl transferase-1.The combined
effects of PNPLA3 I148M and GCKR P446L polymorphisms
explained up to one-third of variability in liver fat content
in a recently reported series of obese children [100, 101]. All
this body of evidence shows that genetic variants influencing
hepatocellular lipid accumulation predispose both to fatty
liver and to progressive NASH.

7. Other Variants Regulating
Lipid Metabolism

According to the aforementioned hypothesis, other genes
involved in hepatic fat uptake, synthesis, storage, and mobi-
lization are therefore candidates to influence the develop-
ment and progression of NAFLD. Among these are vari-
ants in peroxisome proliferator-activated nuclear receptors
(PPAR). PPAR𝛼, a molecular target of long chain fatty acids,
eicosanoids, and fibrates [102], is highly expressed in tissues
that catabolize fatty acids such as the liver, where, under
condition of increased hepatic fatty acid influx or decreased
fatty acid efflux, PPAR𝛼 activation prevents the accumulation
of triglycerides by increasing the rate of fatty acid catabolism.
However, the Leu162Val loss-of-function PPAR𝛼 variant did
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not influence the risk of NAFLD and the severity of liver
disease [103, 104].

PPAR𝛾 is highly expressed in adipose tissue and regulates
adipocyte differentiation, FFA uptake, and storage. Pharma-
cological activation of PPAR𝛾 improves insulin resistance in
diabetes and decreases steatosis in NAFLD patients by restor-
ing adipose tissue insulin sensitivity and adiponectin release
[105, 106]. The Pro12Ala loss-of-function SNP in PPAR𝛾2,
inducing a modest impairment of transcriptional activity
due to decreased DNA-binding affinity, was associated with
a reduction of PPAR𝛾 activity in adipose tissue as well
as decreased insulin resistance [107]. However, inconsistent
results have been reported concerning the association of this
variant with the severity of liver damage inNAFLD [103, 104].

Another interesting candidate is represented by Lipin1
(LPIN1), a phosphatidate phosphatase that is highly expressed
in the liver and adipose tissue, and is involved in the
synthesis of phospholipids downstream of the step catalysed
by PNPLA3 [108] and of triglycerides. LPIN1 is required
for adipogenesis and the normal metabolic flux between
adipose tissue and liver, where it also acts as an inducible
transcriptional coactivator to regulate fatty acid metabolism
[56]. LPIN1 variants have been associated with several com-
ponents of the metabolic syndrome, including body mass,
insulin levels, resting metabolic rate, and responsiveness to
insulin sensitizers [109, 110]. In a pediatric population, LPIN1
rs13412852 TT genotype was protective towards NAFLD
[111]. Although independent validation of these results is
required, these data suggest that LPIN1 variants predispose
to progressive NASH at early age by influencing lipogenesis
and lipid metabolism.

Fatty acid transport proteins (FATP) hold a crucial role
in mediating cellular FFA uptake. In the liver FATP2 and
FATP5 are predominantly expressed [112]. FATP5 encodes
a multifunctional protein which increases the hepatic FFA
uptake and activates very long-chain fatty acids and has bile-
CoA ligase activity [113, 114]. FATP5 silencing reversed diet-
induced NAFLD and improved hyperglycemia in mice [115].
Interestingly, the rs56225452 FATP5 promoter variant linked
to transcriptional activity has been associated with ALT levels
in a population study and with steatosis severity in NAFLD
patients [116].

Interestingly, a genetic variant in the promoter region
regulating the expression of uncoupling protein 2 (UCP2) has
recently been associated with altered lipoprotein metabolism
and reduced susceptibility to NASH [117]. Besides regulating
mitochondrial redox status and energy dissipation, UCP2 is
involved in the export of fatty acids from mitochondria in
hepatocytes and is induced during steatosis. It is therefore
possible that it may modulate the risk of NASH by altering
mitochondrial fluxes of lipids during NAFLD.

Apolipoprotein C3 (APOC3) is a major constituent of
VLDL, chylomicrons, and HDL cholesterol, which inhibits
lipoprotein lipase and triglyceride clearance [118]. Petersen
et al. reported that two common APOC3 T-455C and C-
482T promoter variants predispose to liver fat accumulation
in Indian individuals. However, these data have not been
confirmed in large population studies and in other ethnic
groups. Furthermore, APOC3 variants were not associated

with the histological severity of liver damage in NAFLD
[119–121]. These data suggest that genetic factors influencing
triglyceride metabolism outside the liver are not involved in
the pathogenesis of progressive NAFLD.

8. Other Variants Not Implicated in
Lipid Metabolism

Although recent genetic evidence concordantly points to a
major role of variants influencing intrahepatocellular lipid
metabolism in the pathogenesis of NAFLD and progres-
sive NASH, as recently reviewed by our group [20], other
genetic variants may be implicated in the progression of liver
disease.

The most solid associations have been collected for
genetic variants involved in the regulation of inflammation,
such as TNFalpha and IL28B polymorphisms [13, 122],
oxidative stress [13, 122], iron metabolism [15, 17, 18], which
is frequently altered in NAFLD [124], and fibrogenesis [19].
However, the overall evidence supporting these associations
is weaker than that already obtained for the PNPLA3 I148M
andTM6SF2 E167K genetic variants, as these results still need
independent validation in independent cohorts.

9. Conclusions

Genes play a key role in the susceptibility and progression
of NAFLD. To date, the PNPLA3 I148M and TM6SF2 E167K
gene variants are the major determinants of interindividual
differences in liver steatosis and susceptibility to progressive
NASH. Both of these genes determine liver fat retention
through lipid droplets and very low-density lipoproteins
modifications. PNPLA3 affects also directly hepatic stellate
cells and retinol metabolism. These novel findings suggest
that hepatocellular accumulation of neutral lipids is harmful
for the liver. Several other genetic variants, including rare
mutations, involved in the regulation of hepatocellular lipid
metabolism, are being scrutinized.

Future challenges will be (a) to understand the molec-
ular mechanisms underlying the association between gene
variants and progressive liver disease, (b) to evaluate the
impact of gene variants in the clinical practice to stratify
individual risk, and (c) to examine pharmacogenetic response
to available therapies. This knowledge will offer insights
into pathogenesis of NASH and importantly suggest novel
therapeutic targets.
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[84] E. Trépo, P. Nahon, G. Bontempi et al., “Association between
the PNPLA3 (rs738409 C>G) variant and hepatocellular carci-
noma: evidence from a meta-analysis of individual participant
data,” Hepatology, vol. 59, no. 6, pp. 2170–2177, 2014.

[85] L. Valenti, A. Alisi, and V. Nobili, “I148M PNPLA3 variant
and progressive liver disease: a new paradigm in hepatology,”
Hepatology, vol. 56, no. 2, pp. 1883–1889, 2012.

[86] M. Krawczyk, P. Portincasa, and F. Lammert, “PNPLA3-
associated steatohepatitis: toward a gene-based classification of
fatty liver disease,” Seminars in Liver Disease, vol. 33, no. 4, pp.
369–379, 2013.

[87] O. L. Holmen, H. Zhang, Y. Fan et al., “Systematic evaluation
of coding variation identifies a candidate causal variant in
TM6SF2 influencing total cholesterol andmyocardial infarction
risk,” Nature Genetics, vol. 46, no. 4, pp. 345–351, 2014.

[88] H. Mahdessian, A. Taxiarchis, S. Popov et al., “TM6SF2 is
a regulator of liver fat metabolism influencing triglyceride
secretion and hepatic lipid droplet content,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 111, no. 24, pp. 8913–8918, 2014.

[89] N. Chalasani, L. Wilson, D. E. Kleiner, O. W. Cummings, E.
M. Brunt, and A. Ünalp, “Relationship of steatosis grade and
zonal location to histological features of steatohepatitis in adult
patients with non-alcoholic fatty liver disease,” Journal of
Hepatology, vol. 48, no. 5, pp. 829–834, 2008.

[90] E. K. Speliotes, L. M. Yerges-Armstrong, J. Wu et al., “Genome-
wide association analysis identifies variants associated with
nonalcoholic fatty liver disease that have distinct effects on
metabolic traits,”PLoSGenetics, vol. 7, no. 3, Article ID e1001324,
2011.



BioMed Research International 9

[91] A. Gorden, R. Yang, L. M. Yerges-Armstrong et al., “Genetic
variation at NCAN locus is associated with inflammation and
fibrosis in non-alcoholic fatty liver disease in morbid obesity,”
Human Heredity, vol. 75, no. 1, pp. 34–43, 2013.

[92] Y.-L. Liu, H. L. Reeves, A. D. Burt et al., “TM6SF2 rs58542926
influences hepatic fibrosis progression in patients with non-
alcoholic fatty liver disease,” Nature Communications, vol. 5,
article 4309, 2014.

[93] A. B. Cefalu, J. P. Pirruccello, D. Noto et al., “A novel APOB
mutation identified by exome sequencing cosegregates with
steatosis, liver cancer, and hypocholesterolemia,” Arteriosclero-
sis, Thrombosis, and Vascular Biology, vol. 33, no. 8, pp. 2021–
2025, 2013.

[94] M. Di Filippo, P. Moulin, P. Roy et al., “Homozygous MTTP
and APOB mutations may lead to hepatic steatosis and fibro-
sis despite metabolic differences in congenital hypocholes-
terolemia,” Journal of Hepatology, vol. 61, pp. 891–902, 2014.
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polymorphisms affect histological liver damage in patients with
non-alcoholic fatty liver disease,” Journal of Hepatology, vol. 56,
no. 6, pp. 1356–1362, 2012.

[123] F. Salomone, G. li Volti, C. Rosso, G. Grosso, and E. Bugianesi,
“Unconjugated bilirubin, a potent endogenous antioxidant, is
decreased in patients with non-alcoholic steatohepatitis and
advanced fibrosis,” Journal of Gastroenterology and Hepatology,
vol. 28, no. 7, pp. 1202–1208, 2013.

[124] P. Dongiovanni, A. L. Fracanzani, S. Fargion, and L. Valenti,
“Iron in fatty liver and in the metabolic syndrome: a promising
therapeutic target,” Journal of Hepatology, vol. 55, no. 4, pp. 920–
932, 2011.



Research Article
Nonalcoholic Steatohepatitis: Involvement of the Telomerase
and Proinflammatory Mediators

Rim Serhal,1 George Hilal,2 George Boutros,3 Joseph Sidaoui,1 Layal Wardi,2

Salah Ezzeddine,3 and Nada Alaaeddine1

1Faculty of Medicine, Saint Joseph University, Regenerative Medicine and Inflammation, Beirut 11-5076, Lebanon
2Faculty of Medicine, Saint Joseph University, Metabolism and Oncology Lab, Beirut 11-5076, Lebanon
3Gastroenterology Unit, Military Hospital, Ghoubeiry 2, Beirut 25-413, Lebanon

Correspondence should be addressed to Nada Alaaeddine; nada.aladdin@gmail.com

Received 3 September 2014; Revised 20 December 2014; Accepted 28 December 2014

Academic Editor: Federico Salomone

Copyright © 2015 Rim Serhal et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Nonalcoholic steatohepatitis or NASH is an excessive accumulation of fat in hepatocytes accompanied by inflammation and hepatic
injury. Proinflammatory molecules such as IL-17, CCL20, S100A8, S100A9, and S100A8/A9 have been shown to be implicated in
many types of cancer. Telomerase activity has been found to be associated with chronic inflammation and cancer. NASH can
progress to fibrosis then cirrhosis and finally to hepatocellular carcinoma (HCC). Our objective is to try to find a relation between
inflammation and the progression of NASH into HCC. We found that there was a significant elevation in the telomerase activity,
detected by real-time PCR, between NASH and fibrotic NASH in the liver biopsies of patients. The expression of S100A8, S100A9,
S100A8/A9, CCL20, and IL-17, detected by ELISA, is significantly increased in NASH patients with fibrosis in comparison with
controls. But, in NASH patients, S100A9, S100A8/A9, and IL-17 only are significantly elevated in comparison with controls. The
same, on the mRNA level, expression of IL-17, detected by RT-PCR, is significantly elevated in NASH patients in comparison with
controls. Therefore, there is a direct link between the expression of IL-17, CCL20, telomerase, S100A8, and S100A9 in the fibrotic
condition and the progression towards cancer.

1. Introduction

Nonalcoholic steatohepatitis (NASH) is characterized by
steatosis, hepatocellular injury, and parenchymal and por-
tal inflammation [1]. Inflammation is thought to be the
main factor in the development of NASH. Proinflammatory
mediators such as IL-6 and TNF-𝛼 have been shown to be
associated with increased severity of hepatic inflammation
[2, 3]. Expression of IL-6 and TNF-𝛼 is elevated in NASH,
liver cirrhosis, and hepatocellular carcinoma [4]. IL-17 is
another proinflammatory cytokine associated with hepatic
steatosis and proinflammatory response in nonalcoholic fatty
liver disease (NAFLD) and has been suggested to facilitate
the transition from simple steatosis to steatohepatitis [5].
Those inflammatory cytokines perpetuate inflammation and
may contribute to the differentiation of NASH to fibrosis.
However, the most worrying scenario is the potential for

the progression of NASH to cirrhosis then hepatocellular
carcinoma (HCC) [6].

HCC is the most common form of cancer accounting
for 70% to 85% of the total liver cancer mortality [7]. The
precise prevalence of HCC eminent fromNASH is unknown.
However, several studies have reported the occurrence of
HCC from cirrhotic and noncirrhotic NASH patients [8]. A
study from the US health care reported that 38.2% of patients
with HCC originated from the complications of nonalcoholic
fatty liver disease [9].This high incidence constrains the need
to understand the mechanism responsible for progression of
NASH to HCC.

S100A8 and S100A9, members of the S100 proteins, are
small calcium-binding proteins that are highly expressed
in neutrophil and monocyte cytosol and are found to be
overexpressed during inflammatory conditions [10, 11] and
in some types of cancer such as pancreatic, colorectal, and
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gastric cancer [12–14]. The heterodimer formed by these
two S100 proteins, S100A8/S100A9, is also implicated in
inflammatory diseases and has been suggested as a biomarker
for monitoring inflammation and disease activity [15]. Not
only this, but also several experimental data have shown
a link between the upregulation of S100A8, S100A9, and
S100A8/S100A9 in inflammatory associated cancer [16].

Telomerase is a ribonucleoprotein complex that catalyzes
the elongation of telomeres.This system counteracts telomere
erosion physiologically and thus prevents cellular senescence.
Most somatic cells have very low or undetectable telomerase
activity. In contrast, cells with high proliferative potential are
characterized by a high enzymatic activity, such as activated
T cells, stem cells, and tumor cells [17–19]. Telomerase is
an enzyme involved in cellular aging [20]; it plays a role
in the transformation of cells from the precancerous stage
to carcinoma [21]. Testing in vitro and in vivo has demon-
strated that, without telomerase, cancer cannot develop [22].
Telomerase activity has been detected in a great percentage
of solid tumors including hepatomas [23] and gastric and
colon carcinomas [24–26] and it is suggested to be a tool for
diagnosis and prediction of recurrence in HCC [27].

The progression of NASH to HCC is frequently reported
[28–30]; what the factors involved are and how they con-
tribute to this progression are not fully understood. Is the
presence of cytokines such as interleukin-17 (IL-17) or S100
calgranulins known for their role in several inflammatory
diseases sufficient to predict the evolution of NASH to
cirrhosis and neoplastic transformation? Is the activation
of telomerase in the liver of NASH patients necessary for
impaired proliferation and malignant transformation?

The aim of this study was to evaluate the telomerase
activity, calprotectin, and proinflammatory cytokines in
NASH patients in order to try to find a correlation between
inflammation in NASH and development to HCC.

2. Materials and Methods

2.1. Patients. Our study group was thirty-nine diagnosed
patients with NASH attending the Military Hospital, Beirut,
Lebanon. The diagnosis of NASH was based on the fol-
lowing criteria: (1) intake of less than 20 g of ethanol per
day, (2) a positive ultrasonography for steatosis, (3) biopsy
proven steatohepatitis, steatosis, inflammatory infiltrates, and
ballooning degeneration with or without Mallory bodies or
pericellular/perivenular fibrosis, and (4) appropriate exclu-
sion of other liver diseases patients also had to have an
increase in aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) of 1 to 4 times the upper limit of
normal, with an AST/ALT ratio of <1. Patients with chronic
inflammatory disease, active infection, recent surgery or
trauma, or history of chronic drug use (nonsteroidal anti-
inflammatory drugs, corticosteroids, high-dose estrogens,
methotrexate, tetracycline, or amiodarone) were excluded.
Thirty healthy, nonobese (BMI < 30 kg/m2) volunteers who
were evaluated for the absence of liver disease by means of
ultrasound and AST and ALT levels served as controls. The
Institutional Review Board at each center approved the study

protocol and written informed consent was obtained from
each patient.

2.2. Laboratory Evaluation. The laboratory evaluation in all
patients included a blood cell count andmeasurement of total
cholesterol, LDL, HDL, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), C reactive protein (CRP),
total cholesterol, and total bilirubin, glucose, and insulin.

2.3. Telomerase Activity Measurement. Telomerase activity
was performed on liver biopsy and was measured by real-
time PCR using a Quantitative Telomerase Detection Kit
(allied Biotech, Inc), which is based on the ability of
telomerase presented in cell extracts to synthesize telomeric
repeats onto an oligonucleotide substrate, and the resultant
extended product is subsequently amplified by polymerase
chain reaction (PCR). Generated PCR products are then
visualized using highly sensitive DNA fluorochromes Sybr
Green. Detection of PCR products is measured following the
binding of Sybr Green dye to double-strand DNA.

Liver biopsies extracts were prepared according to the
manufacturer protocol. Briefly, liver biopsies were washed
twicewith cold PBS; then, theywere lysedwith an appropriate
volume from the provided lysis buffer. After 30 minutes of
incubation on ice, the suspension was centrifuged for 30min
at 4∘C at 12000×g. The supernatant was then aliquoted for
further telomerase activity and protein determination.

2.4. Measurement of S100 A8, S100A9, and S100A8/9.
The serum levels of S100A8, S100A9, and S100A8/9 were
measured in duplicate by the quantitative sandwich enzyme
linked immunoassay commercially available by BMA
Biomedicals (Rheinstrasse, Switzerland).

2.5. Measurement of IL-17 and CCL20. The levels of IL-17,
CCL20, and TNF-𝛼 were measured in the serum of patients
and healthy control by a commercial high sensitivity enzyme-
linked immunosorbent assays (ELISA) (R&D, Abingdon,
United Kingdom), according to the manufacturer protocol
without modification. The sensitivity of the IL-17 and CCL-
20 assays, as stated in the instructions of the manufacturer,
was 7.8 pg/mL and 15 pg/mL, respectively.

2.6. RNA Extraction and Polymerase Chain Reaction. Total
RNA from liver biopsy was extracted using QIAamp RNA
extraction kit (Qiagen Inc., Valencia, CA, USA). Comple-
mentary DNA (cDNA) was synthesized from 0.1 to 2.5𝜇g of
total RNA in a 20𝜇L reaction usingOmniscript Reverse Tran-
scription Kit (Qiagen Inc., Valencia, CA, USA). The expres-
sion of IL-17 and GAPDH was assessed using polymerase
chain reaction (PCR) technique and specific primers. How-
ever, 0.4 𝜇M from cDNA was added to 25 𝜇L of PCR master
mix (Fermentas) containing 5U/𝜇L of Taq polymerase, 4mM
of MgCl

2
and 0.4mM from deoxynucleotides, and 2 𝜇L of

primers and the reaction total volume of 50𝜇Lwas completed
using nuclease-free water. The IL-17 primers were as follows:
forward 5-CAATGACCTGGAAATACCCAA-3, reverse 5-
TGAAGGCATGTGAAATCGAGA-3; the GAPDH primers
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Table 1: Clinical values for NASH patients and healthy volunteers.

Variables NASH Control 𝑃 value
Gender (M/F) 30/9 28/9
Age (years) 38.6 ± 9.4 41.9 ± 10.9
AST (IU/L) 88.74 ± 17.189 23.79 ± 7.328 0.0001
ALT (IU/L) 115.75 ± 115.751 23.33 ± 23.333 0.0001
ALP (IU/L) 191.25 ± 44.22 159.00 ± 31.91 0.1343
CRP (mg/dL) 1.04 ± 0.999 0.28 ± 0.123 0.0001
t-cholesterol (mg/dL) 204.90 ± 35.544 191.38 ± 41.831 0.477
t-bilirubin (mg/dL) 0.67 ± 0.274 0.52 ± 0.227 0.215
Glucose (mg/dL) 99.12 ± 9.30 94.30 ± 8.55 0.193
Insulin (U/mL) 17.81 ± 11.454 9.68 ± 9.680 0.0129
Values expressed aremeans± SD. AST: aspartate aminotransferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; t-bilirubin: total bilirubin; CRP:
C reactive protein.

(glyceraldehyde 3-phosphate dehydrogenase), forward 5-
TGGTATCGTGGAAGGACTCATGAC-3, reverse 5-ATG-
CCAGTGAGCTTCCCGTTCAGC-3, as the internal con-
trol, were also carried out by PCR. PCR amplification was
performed using ABI thermocycler and the reactions were
subjected to 35 PCR cycles of 94∘C for 30 seconds, 60∘C
for 30 seconds, and 70∘C for 30 seconds followed by 7
minutes’ extension step at 72∘C. The PCR products were
separated on 2% agarose gel electrophoresis and visualized
by ethidium bromide staining using UVP BioDoc system
(UVP: ultraviolet products).

2.7. Statistical Analysis. Statistical analysis was performed by
𝑡-test using the online statistical software Graph-Pad Quick-
calcs (http://www.graphpad.com/quickcalcs/ttest1.cfm). Re-
sults are presented asmeans± SEM for the number of patients
indicated. Statistical relation between variables was done
using univariate linear regression. HOMA-IR was calculated
using the following formula: insulin × glucose/22, 5 [32]. The
histological grading was scored from 0 to 3 ensuing the crite-
ria implemented by Brunt et al., with the modification being
introduced by Merat et al. [31, 33]. Four major histological
features of steatohepatitis were noted: steatosis, hepatocyte
ballooning, lobular inflammation, and portal inflammation.
A NASH activity index (NAI) was calculated by summing
the scores for these features, producing a number between 0
and 12 [31]. The score of fibrosis (0 to 4) was also calculated
separately according to Brunt et al. [33]. The scoring of
histological features is thorough in Table 2.

3. Results

3.1. Comparison of Clinical Parameters between the NASH
and Healthy Volunteers. Table 1 shows the comparison of
the parameters analyzed between the NASH patients and
healthy volunteers. There was no difference in age and
gender between patients. In laboratory evaluation, AST, ALT,
CRP, and insulin were found to be significantly elevated
in the NASH patients compared to controls. There was no
significant difference in other laboratory data between the
two groups.
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Figure 1: Detection of telomerase activity in liver biopsy extracts
from NASH and NASH patients with fibrosis. Significant elevation
in the biopsy of NASH patients with fibrosis in comparison with
NASH patients with 𝑃 value = 0.045 (∗𝑃 < 0.05).

3.2. Telomerase Activity in the Liver Biopsies of NASH and
NASH Patients with Fibrosis. Trying to find a way to detect
early progression to HCC, we investigated the telomerase
activity in the liver biopsies of NASH patients. Telomerase
activity was detected in liver biopsies of NASH patients
with fibrosis and was significantly increased (𝑃 = 0.045)
in comparison to the level detected in the liver biopsies of
patients with NASH without fibrosis (Figure 1).

3.3. Serum Level of Calgranulin A (S100A8), Calgranulin B
(S100A9), and Calprotectin S100A8/S100A9 in NASH Patients.
Since S100A8 and S100A9 are coexpressed in human HCC
[34], we sought investigating the expression of S100A8,
S100A9, and their complex in the serum of NASH patients
and NASH patients with fibrosis. Indeed, there was no
increase in S100A8 level in the serum of patients with NASH
compared to control; however, the levels of S100A9 and
S100A8/A9were significantly elevated in patients with NASH
with a 𝑃 value < 0.01 (𝑃 = 0.0168 and 𝑃 = 0.0001, resp.). But,
in NASH patients with fibrosis, the level of S100A8, S100A9,
and S100A8/A9 is significantly increased in comparison with
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Table 2: Histological scoring system for nonalcoholic steatohepatitis.

Variable Score Description

Steatosis

0 None
1 Up to 33% of acini, mainly macrovesicular
2 34%–66% of acini, commonly mixed steatosis

3 Over 66% of acini (panacinar), commonly mixed
steatosis

Hepatocyte ballooning

0 None
1 Occasional in zone III
2 Obvious in zone III
3 Marked, predominantly in zone III
0 None

Lobular inflammation

1 Scattered neutrophils, occasional mononuclear cells, 1
or 2 foci per 20x objective

2 Neutrophils associated with ballooned hepatocytes,
mild chronic inflammation, 3 or 4 foci per 20x objective

3 Acute and chronic inflammation, neutrophils
concentrating in zone III, over 4 foci per objective

0 None

Portal inflammation

1 Mild, some portal areas
2 Mild to moderate, most portal areas
3 Moderate to severe, most portal areas
0 No fibrosis

Stage

1 Zone III perivenular, perisinusoidal (pericellular)
fibrosis

2 Stage 1 changes + periportal fibrosis
3 Bridging fibrosis
4 Cirrhosis

FromMerat et al. [31].

controls 𝑃 = 0.008, 𝑃 = 0.0168, and 𝑃 = 0.0001, respectively
(Figures 2(a), 2(b), and 2(c)).

3.4. Correlation of Calgranulin A (S100A8), Calgranulin B
(S100A9), and Calprotectin S100A8/S100A9 with BMI, Serum
Levels, Histological Grading (NAI), and HOMA-IR. Since
calgranulin levels were elevated in the sera of patients with
NASH, we tried to find whether there is a correlation with
BMI, serum levels, histological grading (NAI), and HOMA-
IR. S100A8 showed a significant negative correlation with
AST with 𝑃 = 0.034 and positive relation with CRP with
𝑃 = 0.008, similar to S100A9 which showed also a significant
positive correlation with CRP with 𝑃 = 0.005; however, no
other significant correlation was found to be significant with
other parameters. The NASH activity index depicting the
histological findings of patients was related positively to the
level of the complex S100A8/A9 with a 𝑃 = 0.005 (Table 3).

3.5.The Expression and the Protein Concentration of IL-17 and
CCL20. It was shown that IL-17 exacerbates hepatic steatosis
and inflammation in nonalcoholic fatty liver disease [5]. In
this sense, we tried to investigate the expression of IL-17. The
serum level of IL-17 was significantly increased in both the
NASH patients and the NASH patients with fibrosis with

𝑃 = 0.0332 and 𝑃 = 0.0001, respectively (Figure 3(a)).
This increase was confirmed by an elevated level of IL-17
mRNA (Figure 3(b)). CCL20 showed the same pattern of
increase in the serum of patient with fibrotic NASH with
𝑃 = 0.014; however, no increase was detected in NASH
patients compared to control patients (Figure 4(a)).The RNA
expression of both patients was also increased (Figure 4(b)).

4. Discussion

In this study, we were trying to elucidate the factors involved
in the progression of NASH to cirrhosis then hepatocellu-
lar carcinoma (HCC). We know that many inflammatory
cytokines are secreted by hepatocytes [35] and play a role
in perpetuating the inflammation and in mediating the
apoptosis and fibrosis of the liver cells [36, 37]. There
is a stout correlation between chronic inflammation and
cancer in a particular organ such as chronic pancreatitis and
pancreatic cancer, ulcerative colitis and colon cancer, and
hepatitis and liver cancer [38, 39]. Does fibrosis facilitate
the occurrence of hepatocellular carcinoma? Few studies
have identified that the underlying cause of HCC is steato-
hepatitis [40, 41] and that telomerase activation is required
for hepatocellular carcinoma progression [42]. In our study,
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Table 3: Statistical relation between variables.

Variables 𝑃 value Relation Formula in case of relation
S100A8 versus AST 0.034 Negative S100A8 = (0.059 ∗ AST) − 0.808
S100A8 versus CRP 0.008 Positive S100A8 = (0.891 ∗ CRP) + 3.699
S100A9 versus CRP 0.005 Positive S100A9 = (0.297 ∗ CRP) + 1.634
S100A8/A9 versus NAI 0.050 Positive S100A8/A9 = (14.105 ∗ NAI) + 162.74
The statistical correlation between values was performed using univariate linear regression. S100A8 is negatively correlated with AST (S100A8 = (0.059 ∗AST)
− 0.808) and positively correlated with CRP (S100A8 = (0.891 ∗ CRP) + 3.699). S100A9 is positively correlated with CRP (S100A9 = (0.297 ∗ CRP) + 1.634).
S100A8/A9 is positively correlated with NAI (S100A8/A9 = (14.105 ∗ NAI) + 162.74). Statistical relation exists if P value is less than 0.005 (𝛼 error = 5%).
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Figure 2: Levels of S100A8, S100A9, and S100A9/A9 in the serum of NASH and NASH patients with fibrosis in comparison with healthy
controls. S100A8wasmeasured by ELISA as described in Section 2. Data representmean± SEM in triplicate (ELISA) from 39 different donors’
serum from NASH patients and healthy volunteers. (a) S100A8 in NASH patients with fibrosis was significantly increased. Unpaired 𝑡-test;
𝑃 = 0.008. (b) S100A9 in NASH and NASH patients with fibrosis was significantly increased. Unpaired 𝑡-test; 𝑃 = 0.0056 and 𝑃 = 0.0168,
respectively. (c) S100A8/A9 inNASHandNASHpatients with fibrosis was significantly increased. Unpaired 𝑡-test;𝑃 = 0.0001 and𝑃 = 0.0001,
respectively (∗𝑃 < 0.05).

we have found that the biopsies of fibrotic NASH patients
have a significant increased level of telomerase activity in
comparisonwithNASHpatients. To our knowledge, no other
studies have shown an increased telomerase activity inNASH
fibrotic patients but it was shown to be expressed in cir-
rhotic liver [43]. The hepatocellular destruction, the chronic
inflammation, and fibrosis create an environment leading
to carcinogenesis. Many factors are known to exacerbate
inflammation and may contribute to liver injury; it has been
shown by Salomone et al. that unconjugated bilirubin is
associated with the progression of inflammation and fibrosis
[44]. Cytokines and chemokines such as IL-17 and CCL20

play a major role in this inflammatory progressive state.
Indeed, IL-17 was significantly increased in the sera of NASH
patients compared with control and this increase was more
pronounced in the serum of fibrotic patients with NASH;
this confirms the role of IL-17 in liver diseases [5]. Th 17 was
also shown to be increased in hepatocellular carcinoma [45];
this may suggest that IL-17 not only may be a marker of the
disease but also could serve as an indicator for progression
into hepatocellular carcinoma. Indeed, in our study, the
increase in IL-17 in the sera of fibrotic NASH patients was
correlated with an increase in the mRNA level of IL-17.
Chemokines (e.g., CCL2, CCL3, CCL5, CCL13, CCL18, and



6 BioMed Research International

0

10

20

30

40

50

60

70

Control NASH NASH + fibrosis

IL
-1

7 
co

nc
en

tr
at

io
n 

(p
g/

m
L)

∗

∗

(a)

Controls Patients

IL-17

GAPDH

0
10
20
30
40
50
60
70
80
90

Control NASH

Re
lat

iv
e I

L-
17

 ex
pr

es
sio

n 

∗

1 2 3 4 5 Neg.

(b)

Figure 3: IL-17 expression. (a) IL-17 concentrations in pg/mL in the serum of control subjects and NASH patients. IL-17 was measured by
ELISA as described in Section 2. Data represent mean ± SEM in triplicate (ELISA) from 39 different donors/sera of NASH patients.The levels
of IL-17 were significantly increased in NASH patients and NASH patients with fibrosis compared with control subjects, with 𝑃 = 0.0332 and
𝑃 = 0.0001, respectively. (b) On the mRNA level, IL-17A mRNA is overexpressed in NASH patients with 𝑃 = 0.038 (∗𝑃 < 0.05).
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Figure 4: CCL20 expression. (a) CCL20 concentrations in pg/mL in the serum of control subjects and NASH patients. CCL20 was measured
by ELISA as described in Section 2. Data represent mean ± SEM in triplicate (ELISA) from 39 different donors/sera of NASH patients.
The levels of CCL20 were significantly increased in NASH patients and NASH patients with fibrosis compared with control subjects, with
𝑃 = 0.0332 and 𝑃 = 0.0001, respectively. (b) On the mRNA level, CCL20 mRNA is not significantly increased in NASH patients with
𝑃 = 0.1208 (∗𝑃 < 0.05).

CCL20) represent a family of cytokines known to centrally
participate in many inflammatory diseases and tumors [46].
The chemokines and their corresponding receptors known
as axes have been shown to be involved in the growth and
progression of many tumors [47]. Many studies have focused

on the role of CCL20-CCR6 in many types of cancer [48]
specifically in hepatocellular carcinoma (HCC). It was shown
that the level of CCL20-CCR6 is highly expressed inHCCand
in tissues with grade III tumors in comparison with grade
II tumors suggesting that it not only plays a significant role



BioMed Research International 7

in the growth and progression of HCC but also is involved
in the formation and development of HCC [49] and has
a role in identifying primary and secondary liver tumors
[50]. In our study, CCL20 was more increased in the sera
of NASH patients with fibrosis in comparison with NASH
patients without fibrosis which suggests a role for CCL20 in
the development of the disease and its progression to fibrosis
which might lead the way to HCC.

To confirm our hypothesis that the inflammation seen
in fibrotic NASH patients might lead the way to cancer, we
investigated the level of the two calgranulins, S100A8 and
S100A9, in the serum of patients affected by NASH. S100A8
and S100A9 are known to have proinflammatory functions
and are expressed in many diseases like inflammatory arthri-
tis and inflammatory bowel diseases [51, 52] but also they
are expressed in several types of cancer [16] such as lung,
colorectal, and liver cancer [53–55]. In our study, we found
that the level of S100A9 and the heterocomplex S100A8/A9
are significantly unregulated in the sera of NASH patients
with more prominent increase in the sera of NASH patients
with fibrosis. These findings confirm the results of others
where S100A9 was found to be a trigger molecule implicated
in the evolution and progression of idiopathic pulmonary
fibrosis [56] and where S100A8/A9 was identified as initial
proinflammatorymolecule needed to stimulate inflammation
and cardiac injury [57].

Finally, we think that the increase in the expression of the
proinflammatory markers in the patients with fibrotic NASH
might be an alarm for the progression towards a cancerous
state. It indicates that there is a direct link between the
expression of IL-17, CCL20, telomerase, S100A8, and S100A9
in the fibrotic condition and the progression towards cancer.
In this case, we should start working towards stopping or
preventing this progression.
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Obesity is a rapidly growing health problem and is paralleled by a multitude of comorbidities, including nonalcoholic fatty
liver disease (NAFLD). NAFLD has become the most common chronic liver disease in both adults and children. The current
understanding of NAFLD is still fragmentary. While simple steatosis is characterized by the interplay between excessive free
fatty acid accumulation and hepatic insulin resistance, the progression to NASH has been related to oxidative stress and a
proinflammatory state with dysbalanced adipokine, cytokine levels, and endotoxin-mediated immune response. In addition,
oxidative stress has been suggested to play a central role for the sequelae leading to NASH. Trace elements are critical in regulatory,
immunologic, and antioxidant functions resulting in protection against inflammation and peroxidation and consequently against
the known comorbidities of obesity. Disruptions of the metal detoxification processes located in the liver are plausibly related to
NAFLD development via oxidative stress. Perturbations of iron and copper (Cu) homeostasis have been shown to contribute to
the pathogenesis of NAFLD. This review presents current data from pediatric studies. In addition, data from adult studies are
summarized where clinical relevance may be extrapolated to pediatric obesity and NAFLD.

1. Introduction

Obesity is a rapidly growing health problem. The increase
in the prevalence of obesity is paralleled by a multitude
of comorbidities, including nonalcoholic fatty liver disease
(NAFLD) [1].The latter encompasses a range of clinicopatho-
logical entities ranging from simple steatosis through non-
alcoholic steatohepatitis (NASH) to cirrhosis and end-stage
liver disease. NAFLD has become the most common chronic
liver disease in both adults and children. Schwimmer et al.
showed in a landmark US autopsy study that fatty liver
prevalence increases with age, ranging from 0.7% for ages 2 to
4 up to 17.3% for ages 15 to 19 years, the highest rate being seen
in obese children (38%) [2].The current understanding of the
pathogeneticmechanisms behindNAFLD and its phenotypic
variations is still fragmentary. Although pediatric NAFLD
has been shown to be relatively benign in the majority of
patients, severe hepatic complications including cirrhosis and

the need for liver transplantation already occur in a subgroup
of children with obesity [3]. Histopathologically, advanced
fibrosis, which includes bridging fibrosis and cirrhosis, is seen
as the most important factor in determining the prognosis of
NAFLD. Children with NASH have been shown to present
with distinct histopathological subtypes. Key differences
between these subtypes include age, sex, race/ethnicity, and
severity of obesity [4]. Liver biopsy thus remains the gold
standard for assessing NAFLD severity and staging of fibrosis
[5]. However, the biological underpinnings of these subtypes
remain to be elucidated.

Besides calorie excess, perturbations of iron and Cu (Cp)
homeostasis have been shown to contribute to the patho-
genesis of NAFLD, although investigations have mainly been
conducted in adults. This review summarizes available data
from pediatric studies. In addition, data from adult studies
are summarized where clinical relevancemay be extrapolated
to pediatric obesity and NAFLD.
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2. The Physiology of Iron

Iron is mainly required for heme biosynthesis in erythro-
poiesis [6]. Approximately 1-2mg of iron is absorbed from the
duodenum daily [7] whereas the majority is obtained by the
reuse of senescent erythrocytes.

Dietary iron is absorbed via the divalent metal trans-
porter 1 (DMT1) as Fe2+ in the proximal duodenum [8];
subsequently the transport of iron trough the basolateral
membrane is performed by ferroportin (FPN) [9]. Although
heme constitutes an important source of iron from the diet
and also supplies iron for cellular iron requirements via reuti-
lization, the mechanism for enteral heme uptake has not yet
been identified [10]. Prior to entering the bloodstream loaded
onto transferrin [11], iron undergoes oxidation into the
ferric form (Fe3+) by the transmembrane Cu-dependent fer-
roxidase hephaestin [12].

Cells generally facilitate the uptake of iron via the trans-
ferrin receptor (TfR1) according to intracellular iron demand
[13] and export iron via FPN. Excess iron is mainly stored in
hepatocytes or macrophages as ferritin [14].

Systemic iron homeostasis is maintained in a hormone-
like negative feedback mechanism by the 25-amino acid
peptide hormone hepcidin (hepatic bactericidal protein) [15].
Hepcidin exerts its regulatory functions on iron homeostasis
via binding to FPN, thereby leading to FPN phosphory-
lation, degradation, and consequently blockage of cellular
iron export which induces a decrease in serum iron [16].
Apart from the liver, hepcidin is produced by adipose tissue
(AT), macrophages, and pancreatic islet cells [17, 18]. The
expression of hepcidin is stimulated by iron, hypoxia, and
proinflammatory cytokines or adipokines [19], such as inter-
leukin 6 (IL-6) and also leptin [20, 21]. Hepcidin deficiency
leads to uninhibited iron uptake and is the pathophysiological
mechanism underlying hereditary hemochromatosis [22].
Conversely, hepcidin expression is enhanced in inflammatory
conditions leading to iron retention in macrophages and
decreased iron uptake from enterocytes, as observed in the
anemia of chronic disease [23].

3. Iron Status in Obese Children

Regarding dietary iron intake no difference has been found
between obese and nonobese children [24, 25]. However
the prevalence of iron deficiency was higher in obese chil-
dren compared to normal weight subjects in industrialized
countries [26, 27]. Both serum iron concentrations and iron
stores, as indicated by serum ferritin concentrations, show a
negative correlation with BMI [28, 29]. Likewise, iron defi-
ciency increased with the percentage of body fat and visceral
fat mass in preadolescents [25]. The prevalence of iron
deficiency is similar in obese pubertalmales and females [28].
This is in contrast to normal weight children, where iron
deficiency is more prevalent in girls than boys [30].

In addition to the higher prevalence of iron deficiency in
obese adolescents, iron supplementation is less effective in
overweight children due to decreased duodenal iron absorp-
tion compared to normal weight peers which also may be

explained by increased circulating hepcidin [31]. Along this
line, weight reduction leads to a decrease of hepcidin and lep-
tin levels and further to an increase of iron absorption and an
improvement of iron status, thus providing indirect evidence
that obesity-associated inflammation underlies insufficient
duodenal iron uptake [32, 33].

4. Mechanisms Underlying Iron Deficiency in
Juvenile Obesity

A study by Aeberli showed that no difference occurs either
in nutritional iron intake or in dietary iron bioavailability
between obese and nonobese children [34]. However lower
iron absorption has consistently been observed in overweight
subjects [35].These findings suggest that the diminished iron
uptake via enterocytes can be viewed as main cause for iron
dysregulation in obesity.

Hepcidin is the key regulator of iron metabolism and
hence has been investigated in adolescent obesity. Iron
deficiency in overweight children is associated with elevated
serum hepcidin concentrations [34]. Several studies have
found significantly higher concentrations of hepcidin in over-
weight children in comparison to normal weight children
[34, 36]. This may be caused by obesity related inflammation
since proinflammatory cytokines enhance hepcidin expres-
sion [37] and are increased in obese children [34].

Weight loss in obese children leads to a decrease of serum
hepcidin levels along with improvement of iron absorption
[32]. Although in quantitative terms hepcidin is mainly
derived from the liver, AT of morbidly obese, anemic, iron
deficient subjects produces hepcidin, in contrast to AT of lean
subjects [17]. Hence, hepcidin produced in obese AT may
directly impact iron homeostasis. However, a recent study
shows that hepcidin expressed in ATmay not be secreted and
thus may have no effect on systemic iron homeostasis [38].
Still, AT-derived cytokines such as IL-6 and IL-1 function as
potent inducers of hepcidin expression in the liver also in
obesity, thereby contributing to elevated serum hepcidin
concentrations proportional to AT inflammation [39]. The
current understanding of mechanisms underlying iron defi-
ciency in obesity is summarized in Figure 1.

5. Iron and Pediatric NAFLD

Although juvenile obesity is linked to a higher prevalence of
iron deficiency, in pediatric NAFLD serum ferritin concen-
trations are within normal range [40]. Additionally, trans-
ferrin saturation, an early indicator of increasing iron stores,
is higher in obese children with NAFLD compared to those
without. According to Demircioğlu et al. these observations
may represent incipient iron perturbations corresponding to
the dysmetabolic iron overload syndrome (DIOS) in adults
[41]. Hence, NAFLD may impact on iron homeostasis in
a way that differs from mere obesity related inflammation
leading to iron deficiency. DIOS is characterized by elevated
serum ferritin concentrations with normal or mildly trans-
ferrin saturation in patients with NAFLD or various com-
pounds ofmetabolic syndrome, particularly inmales or post-
menopausal women [42, 43]. Similar to these data from adult
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Figure 1: Current understanding ofmolecular links between obesity and iron deficiency. Obese adipose tissue is characterized by an increased
production of several proinflammatory cytokines and adipokines as opposed to healthy lean adipose tissue. These may directly impact iron
absorption from the enterocyte. Additionally, proinflammatory cytokines such as interleukin 1 and interleukin 6 represent potent inducers
of hepcidin production in the liver, which may further impair iron absorption. Both cytokines and hepcidin lead to iron retention in spleen,
liver, or bone marrow macrophages, thereby lowering serum iron concentrations and iron availability for erythropoiesis.

populations, 22% of children with NAFLD hadmild siderosis
on histological examination. The hepatic iron deposition in
children is predominantly found in nonparenchymal Kupffer
cells [40]. In contrast to siderosis in adults with NAFLD, no
association between the pattern of iron accumulation and
severity of fibrosis or insulin resistance has been found in
children [40, 44]. Along the same line of evidence, higher iron
stores were related to serum alanine amino transferase (ALT)
andmetabolic parameters such as lipids and fasting glucose in

otherwise healthy teenagers, which was likewise reminiscent
of the link of elevated iron stores with insulin resistance in
adults [45]. Moreover, children with NAFLD have higher
serum levels of hepcidin in comparison with obese children
withoutNAFLDwhichmay reflect higher iron stores or inflam-
mation [41]. In adults, excess iron is assumed to enhance
endoplasmatic reticulum [46] and oxidative stress inNAFLD,
and thereby liver damage, due the formation of highly toxic
hydroxyl radicals via the Fenton reaction [47]. Conversely, a
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recent study byMoya et al. reported that biopsy provedNASH
patients of 12 to 20 years had significantly lower serum iron
concentrations and undetectable histological iron compared
to controls and to subjectswith simple steatosis. Furthermore,
an elevated expression of transferrin receptor 2 was found,
which is a well-recognized positive upstream regulator of
hepcidin expression [48].

In addition, while simple steatosis is characterized by
the interplay between excessive free fatty acid accumulation
and hepatic insulin resistance, the progression to NASH has
been related to oxidative stress and a proinflammatory state
with dysbalanced adipokine, cytokine levels, and endotoxin-
mediated immune response, among other factors [49]. In
particular, oxidative stress has been suggested to play a central
role for the sequelae leading toNASH. Studies in both human
livers and an animal model of NASH have demonstrated that
the increased expression of the cytochrome P450 (CYP 2E1)
and reactive oxygen species (ROS) are related to FFA levels as
well as mitochondrial dysfunctions [50]. Disruptions of the
metal detoxification processes located in the liver are plau-
sibly related to NAFLD development via oxidative stress [51,
52].

In adults, several studies demonstrated that hyperfer-
ritinemia and/or iron deposition in liver biopsies were linked
to more progressed stages of NAFLD, insulin resistance and
that it may even be related to the development of hepatocellu-
lar carcinoma in NASH [53, 54], the mortality of patients on
the transplantation waiting list, and it also had an impact on
posttransplant mortality [55, 56].Thus the prevailing body of
evidence suggests that excess iron is a contributing factor for
the progression of steatosis to NASH, liver cirrhosis in adults,
but these aspects have not been examined sufficiently in pedi-
atric cohorts.The natural course, the long-term outcome, and
the onset of these pathophysiological changes in children and
adolescents remain to be studied in detail, in order to shed
light on the role of iron in the transition of adolescent to adult
NAFLD.

6. Copper and Pediatric NAFLD

A sufficient supply of Cu is known to be essential for many
physiologic processes, as chronic Cu deficiency is associated
with anemia, leucopenia, myelopathy, skin pathologies, and
dysfunctional lipid metabolism [57, 58]. We could previously
show that reduced hepatic Cu concentrations are found in
human NAFLD and are associated with more pronounced
hepatic steatosis, NASH, and components of the metabolic
syndrome. In addition, a Cu-restricted diet induced hepatic
steatosis and insulin resistance in Sprague-Dawley rats [59].
Population based investigations suggested that Cu deficiency
may be associated with atherogenic dyslipidemia [60]. Fur-
thermore, in rodent models Cu restriction leads to hyper-
tension, elevated triglycerides and cholesterol, and modified
lipoprotein composition [58, 61]. Oxidative stress is involved
in the pathophysiology of NAFLD and Cu/Zinc superoxide
dismutase which neutralizes oxidative stress and requires Cu
for its biological function, potentially linking Cu and antiox-
idant defence [62]. Correspondingly, a Cu deficient diet was

linked to an enhanced proinflammatory response in Sprague-
Dawley rats [63]. Changes in mitochondrial morphology and
function have been reported in human NAFLD and similar
changes are found as a consequence of Cu deficiency [64].
Hence, these pathophysiological mechanisms may represent
links between Cu homeostasis and NAFLD.

A recent study showed that trace element levels in obese
childrenmay vary strongly due to poor nutritional status [65].
In pediatric cohorts, serum Cu levels were reported to be
significantly higher in obese patients than in normal weight
controls in some [66] but not all [67, 68] studies. Moreover,
Lima et al. [69] did not find a difference in Cu erythrocyte
concentrations between obese children and normal weight
controls. Laitinen et al. [70] studied a Finnish pediatric cohort
documenting a negative correlation between serum Cu and
HDL-cholesterol, with obesity not affecting this relationship.
Interestingly, serum antioxidant capacity owing to cerulo-
plasmin (Cp) failure was strongly associated with pediatric
NAFLD-related damage. Further, the study by Nobili et al.
shows that low Cu and Cp levels are associated with a higher
NAS score reflecting hepatic damage. The authors suggested
that Cp may serve as an additional noninvasive marker for
NAFLD, in particular for NASH, ballooning, and inflamma-
tion. There are several hypotheses supporting a role of Cp
as an indicator of liver dysfunction: first, there are striking
histological similarities between the hypoceruloplasminemia
inWilson disease and severe NAFLD. InNAFLD, a decreased
hepatocellular Cp synthesis capacity secondary to liver
dysfunction may—as delineated above for a deranged iron
metabolism—reflect higher susceptibility to oxidative stress
directed to the hepatocyte, which could be related to mis-
folded proteins and hence ballooning in NASH [71]. In
addition, an excessive consumption of fructose, which paral-
lels the increasing prevalence of obesity worldwide, is a well-
recognized risk factor for NAFLD [72]. Recent studies
showed that experimentally increased fructose intake reca-
pitulates many of the pathophysiological characteristics of
the metabolic syndrome in humans including NAFLD [73].
Further, Song et al. [74] suggested that high fructose-induced
NAFLD may be due, in part, to inadequate dietary Cu
related to impaired duodenum Cu transporter 1 absorption
in rats. Thereby, dietary marginal Cu deficiency and fructose
feeding would contribute to liver dysfunction and increased
lipid accumulation, potentially mediated by iron overload. In
keeping with this, building upon knowledge that iron and Cu
metabolism are closely linked [75], Cu availability has been
shown to contribute to iron perturbations in adults with
NAFLD. Further, reduced Cu availability was suggestive of
inducing increased iron stores via decreased ferroportin-1
expression and ceruloplasmin ferroxidase activity thus block-
ing liver iron export in Cu deficient adults [76].

Thus, since the Cu-dependent ferroxidase ceruloplasmin
facilitates the release of iron from hepatic cells [77], low
concentrations may lead to iron retention and may thereby
augment oxidative stress [71]. In contrast to these adult data,
markers of iron status were apparently normal in a pediatric
NAFLD cohort, while Cp levels appeared disarranged. The
discrepancy between adult and these pediatric data was sug-
gested to be explained by an augmented ferroxidase activity
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in the presence of lower Cp in children as compared to adults
[71]. However, considering the paucity of pediatric studies
concentrating on the link between NAFLD and changes
in serum Cu levels, long-term investigations of pediatric
NAFLD cohorts with follow-up into adulthood will be
required to clarify the contribution of Cu and ceruloplasmin
in NAFLD.

7. Summary

Distinct changes of iron and Cu homeostasis are observed
in pediatric obesity and NAFLD. Obese children without
NAFLD are mainly prone to develop iron deficiency which
is related to visceral AT inflammation and consecutively
impaired iron uptake. Increased iron requirements due to
physical growth likely lead to the manifestation of iron
deficiency or even anemia. In NAFLD subjects, hepatic iron
deposition has been reported in a manner similar to adult
DIOS. Since available data also suggest that Cu and cerulo-
plasmin may also be involved in NAFLD pathogenesis, it will
be an important agenda of research to elucidate details of the
interaction of iron and Cu with oxidative stress, insulin resis-
tance, and histological damage in longitudinal studies.
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In the last 20 years, nonalcoholic fatty liver disease (NAFLD) has become the leading cause of chronic liver disease worldwide,
primarily as a result of the epidemic of obesity. NAFLD is strongly associated with insulin resistance, glucose intolerance, and
dyslipidemia and is currently regarded as the liver manifestation of the metabolic syndrome, a highly atherogenic condition even
at a very early age. Patients with NAFLD including pediatric subjects have a higher prevalence of subclinical atherosclerosis, as
shown by impaired flow-mediated vasodilation, increased carotid artery intima-media thickness, and arterial stiffness, which are
independent of obesity and other established risk factors. More recent work has identified NAFLD as a risk factor not only for
premature coronary heart disease and cardiovascular events, but also for early subclinical abnormalities in myocardial structure
and function. Thus, we conducted a systematic review and meta-analysis to test the hypothesis that NAFLD is associated with
evidence of subclinical cardiac structural and functional abnormalities.

1. Introduction

In the last 20 years, nonalcoholic fatty liver disease (NAFLD)
has become the leading cause of chronic liver disease world-
wide, primarily as a result of the epidemic of obesity [1–
4]. NAFLD is a spectrum of fat-associated liver conditions
that can result in end-stage liver disease and the need for
liver transplantation [5–7]. Simple steatosis, or fatty liver,
occurs early in NAFLD and may progress to nonalcoholic
steatohepatitis (NASH), fibrosis, and cirrhosis with increased
risk of hepatocellular carcinoma [5–7]. NAFLD is strongly
associated with obesity, insulin resistance, hypertension, and
dyslipidemia and is now regarded as the livermanifestation of
the metabolic syndrome (MetS) [8–10], a highly atherogenic
condition even at a very early age [11–13]. When compared to
control subjects who do not have hepatic steatosis, patients
with NAFLD have a higher prevalence of atherosclerosis, as
shown by increased carotid wall intimal thickness, increased

numbers of atherosclerotic plaques, and increased plasma
markers of endothelial dysfunction,which are independent of
obesity and other established risk factors [13–19]. Consistent
with these observations, natural history studies have reported
that the increased age-related mortality observed in patients
with NAFLD is attributable to cardiovascular as well as
liver-related deaths [11, 20]. More recent work has identified
NAFLDas a risk factor also for early subclinical abnormalities
in myocardial metabolism as well as in cardiac structure
and function [21–29]. In particular, it has been shown that
NAFLD is associated with myocardial insulin resistance,
altered cardiac energy metabolism, left ventricular (LV)
hypertrophy, and impaired diastolic function [23–29]. How-
ever, a comprehensive evaluation of the impact of NAFLD
on these complications is lacking. Thus, we conducted a
systematic review and meta-analysis to test the hypothesis
that NAFLD is associated with evidence of subclinical cardiac
structural and functional abnormalities.
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2. Methods

2.1. Search Strategy. A systematic literature search was con-
ducted by two researchers (LP and CA) to identify all
articles (published from January 2000 to September 2014)
that assessed by echocardiography cardiac geometry and
function in NAFLD patients. We performed the search in
Medline, EMBASE, and the Cochrane Library. Search terms
were NAFLD OR NASH OR nonalcoholic fatty liver disease
OR nonalcoholic steatohepatitis OR fatty liver OR liver fat
OR steatosis OR liver enzymes OR transaminase ORALTOR
AST OR GGT OR severity of liver disease AND left ventricle
OR left ventricular hypertrophy OR cardiac hypertrophy
OR cardiac dysfunction OR ventricular dysfunction OR
echocardiography. Search results were limited to English
language publications. References of included articles were
manually searched for other relevant studies.

2.2. Study Selection. Inclusion criteria were observational
studies including quantitative data on LV structure and/or
function assessed by echocardiography and NAFLD diag-
nosed by (1) liver histology, (2) imaging (ultrasound, com-
puted tomography, magnetic resonance imaging (MRI), or
spectroscopy (MRS)), or (3) biochemistry (elevations in
serum aspartate aminotransferase, alanine aminotransferase
(ALT), or gamma-glutamyl transferase). Competing causes of
steatosis, including alcohol consumption and viral, autoim-
mune, and metabolic hepatitis, had to be excluded. Only
the updated or largest report was considered when multiple
publications by the same research group were found.

2.3. Data Extraction andQuality Assessment. Data extraction
was performed independently by two authors (EB and LP)
and included title, authors, date of publication, study design,
inclusion and exclusion criteria used in the study, number of
patients and controls, the diagnostic procedures for NAFLD,
the echocardiographic methods, and LV structural and func-
tional measures. All quantitative echocardiographic variables
had to be expressed as means ± SD; otherwise SE or 95%
confidence intervals (CI) were used to estimate the SD.

The quality of the selected studies was assessed indepen-
dently by two authors (EB and CC) using the Newcastle-
Ottawa Scale (NOS) for cohort and cross-sectional studies.
The NOS uses a “star” rating system to judge quality based
on three aspects of the study: selection of study groups,
comparability of study groups, and ascertainment of either
the exposure or outcome of interest [36]. Any discrepancies
were addressed by a joint reevaluation of the original article
with another author.

2.4. Statistical Analysis. We calculated effect size for the
following measures of LV structure and function: LV mass
index, early mitral velocity (𝐸)/late mitral velocity (𝐴) ratio,
and 𝐸/early diastolic tissue velocity (𝑒) ratio. We used
the standardized difference, which is the mean difference
(between cases and controls) divided by the commonwithin-
group standard deviation for cardiac parameters. We chose
the standardized mean difference as a measure of association
instead of the weighted mean difference since the outcome

variables had been determined by different instruments.
Fixed or random-effect models were used to summarize
results. The standardized differences were evaluated using
the Der-Simonian and Laird procedures. In this analysis,
the variation among studies is incorporated and thus the
overall outcome estimates have greater standard errors. The
Der-Simonian and Laird method uses weights equal to the
reciprocal of the variance of the individual outcome estimates
and thus takes account of the variation between them.
Heterogeneitywas estimated using the 𝐼2 index. If the 𝐼2 value
was <50%, a fixed-effect meta-analysis was applied. If the 𝐼2
value was ≥50%, a random-effect meta-analysis was used.

We used Cohen’s categories to evaluate the magnitude of
the effect size, calculated by the standardizedmeandifference,
where 𝑑 of 0.2–0.5 indicates a small effect size, 𝑑 > 0.5–0.8
indicates a medium effect size, and 𝑑 > 0.8 indicates a large
effect size [37].

Publication bias was checked visually by creating a fun-
nel plot with the standard error plotted against the mean
difference of single LV parameters. In addition, publication
bias was statistically tested by Egger’s test. Consistent with
recommendations to determine stability in the meta-analytic
results, we computed the classic fail-safe𝑁 analysis [38].This
technique calculates the number of studies with nonsignifi-
cant effects required to nullify the overall effect determined
in the current analysis. Larger fail-safe 𝑁 values increase
confidence in the overall effect and validate the stability of
the current findings. Data were analyzed with the use of the
Comprehensive Meta-Analysis software, version 2 (Biostat,
Englewood, New Jersey).

3. Results

3.1. Characteristics of the Studies. The first literature search
identified 461 papers; 22 of these were potentially eligible
for the analysis, but only 9 studies, six involving adults
[25, 26, 30–33] and three with children and adolescents [29,
34, 35], could be included in the final review (Figure 1).
Overall themethodological quality of the selected studies was
satisfactory.

3.1.1. Adult Studies. Table 1(a) summarizes the studies on
the effects of NAFLD on cardiac structure and function in
adults. Overall, 629 adult patients with NAFLD and 1237
controls were included in the studies. Control subjects were
matched for age and sex in some studies and for age, sex,
and body mass index (BMI) or for age, sex, BMI, and waist
circumference in others. Five studies were hospital-based
case-control ones [25, 26, 30–32], and one was a population-
based cross-sectional survey [33]. In all cases and controls,
LV geometry and function was measured by M-mode and
pulsed Doppler echocardiography; tissue Doppler imaging
(TDI) was also used in the majority of studies (5 of the 6
studies) (Table 1).

NAFLD was defined by liver histology in one study, by
ultrasound in four studies, and by computed tomography
scan in one study. Three studies enrolled exclusively non-
diabetic, normotensive individuals, one study enrolled type
2 diabetic patients, and one study enrolled never-treated
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Studies identified and 

Appropriate studies to be
included in the review

Studies included
in the final review

Studies excluded based on 
title and abstract review

screened for retrieval

(n = 439)

(n = 22)

(n = 9)

(ii) Double or serial publications (n = 1)

(iii) Lack of minimal set of clinical data (n = 2)

(iv) Miscellaneous reasons (n = 4)

(i) No echocardiographic data in controls (n = 6)

(n = 461)

Figure 1: Schematic flow chart for the selection of studies.

Study name
Statistics for each study

Std. diff. in means and 95% CI

Goland et al. 2006
Fotbolcu et al. 2010
Bonapace et al. 2012
Karabay et al. 2014

Std. diff.
in means

0.485
1.661
0.284
0.903
0.835

Standard 
error

0.261
0.288
0.296
0.267
0.295

Variance

0.068
0.083
0.088
0.071
0.087

Upper
limit

0.996
2.226
0.864
1.426
1.409

0.00 2.00 4.00
Overall
(random)

NAFLD NO NAFLD
−4.00 −2.00

Lower
limit

1.096

0.380
0.254

−0.027

−0.296

0.063
0.000
0.337
0.001
0.005

1.856
5.761
0.960
3.384
2.826

Z-value

Heterogeneity: Q-value 13.5 df(Q) 3 (P < 0.004) I
2
= 77.8%

P value

Figure 2: Forest plots show the comparison of LV mass indexed to BSA between NAFLD patients and NO NAFLD subjects.

essential hypertensive patients. The population-based study
included patients with NAFLD and MetS.

3.1.2. Pediatric Studies. Table 1(b) summarizes the studies
on the effects of NAFLD on cardiac structure and function
in children and adolescents [29, 34, 35]. Overall, 244 obese
children with NAFLD, 680 obese subjects without liver
involvement, and 236 healthy controls matched for age and
gender were included in the studies. In all cases and controls,
LV geometry and function wasmeasured byM-mode, pulsed
Doppler, and TDI.

NAFLD was defined by ultrasound in one study, by
ultrasound and elevated serumALT in one study, and byMRI
(and liver biopsy in a subgroup) in one study.

3.2. Cardiac Parameters. The parameters reported across the
selected publications varied among studies, but LV mass
indexed to height2.7 or to body surface area (BSA), 𝐸/𝐴 ratio,
the early annular diastolic tissue velocity (𝑒), and 𝐸/𝑒 ratio
were the most frequently reported outcomes.

3.2.1. Adult Studies. Two studies reported LVmass indexed to
height2.7 [30, 33] and 4 studies the LV mass indexed to BSA
[25, 26, 31, 32]. Four studies found an increased LVmass index
in NAFLD patients compared to controls. When pooling the
data on LV mass indexed to height2.7 as well as those on LV
mass indexed to BSA, the standardized difference in means
was statistically significant (𝑃 < 0.0001) only for LV mass
indexed to BSA (Figure 2). There was significant evidence
of heterogeneity among the studies. 𝐸/𝐴 ratio was available
in all 6 studies. On average, a worse 𝐸/𝐴 ratio was found
in NAFLD patients, with a standardized mean difference of
−0.57 (95% CI, −0.67 to −0.47; 𝑃 < 0.0001) (Figure 3). 𝐸/𝑒
ratio was reported in 5 of the 6 studies. Patients with NAFLD
had higher 𝐸/𝑒 ratio than those without NAFLD in 4 of the
5 studies, leading to a standardized mean difference of 0.56
(95% CI, 0.45 to 0.66; 𝑃 < 0.0001) (Figure 4). Again, there
was heterogeneity among studies.

We found no evidence of publication bias based on
Egger’s test with respect to 𝐸/𝐴 ratio (intercept = −0.55 (95%
CI, −4.55 to 3.46); 𝑃 = 0.72) and 𝐸/𝑒 ratio (intercept = 1.95
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Study name
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2
= 76.3%

Karabay et al. 2014

P value

Figure 3: Forest plots show the comparison of earlymitral velocity (𝐸)/latemitral velocity (𝐴) ratio betweenNAFLDpatients andNONAFLD
subjects.
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Figure 4: Forest plots show the comparison of 𝐸/early diastolic tissue velocity (𝑒) ratio between NAFLD patients and NO NAFLD subjects.

(95% CI, −5.01 to 8.90); 𝑃 = 0.44). The classic fail-safe𝑁 was
relatively high to lower the significance of this meta-analysis
(number of missing studies that would make 𝑃 value greater
than alpha = 120).

3.2.2. Pediatric Studies. When pooling the data on LV mass
indexed to height2.7, the standardized mean difference in
LV mass between obese children with NAFLD and obese
subjects without liver involvement did not reach statistical
significance (𝑃 = 0.069). In contrast, when compared to
healthy lean controls, the standardizedmean difference in LV
mass was statistically significant (mean, 1.19 (95% CI, 0.99 to
1.39); 𝑃 < 0.0001) (Figure 5). In all studies, no significant
differences were found in 𝐸/𝐴 ratio between the groups
(Figure 6). However, obese children and adolescents with
NAFLD had higher 𝐸/𝑒 ratio than those without NAFLD,
leading to a standardized mean difference of 0.31 (95% CI,
0.11 to 0.51; 𝑃 < 0.001) (Figure 7). In contrast to adult
population, there was no evidence of heterogeneity among
pediatric studies. We found no evidence of publication bias
based on Egger’s test with respect to 𝐸/𝐴 ratio (intercept =
−1.41 (95% CI, −4.46 to 3.76); 𝑃 = 0.72). Visual inspection
of the funnel plot suggested the absence of publication bias

for the 𝐸/𝑒 ratio, which was identified in 2 of the 3 eligible
studies. However, the classic fail-safe 𝑁 was relatively low
when considering obese children with and without NAFLD,
suggesting that only tenuous conclusions should be drawn.

4. Discussion

While previous systematic reviews and meta-analyses have
investigated the association between NAFLD and the risk of
cardiovascular events (such as myocardial infarction, angina
pectoris, and ischemic stroke), cerebrovascular disease (such
as cerebral hemorrhage), and peripheral vascular disease
[39], or the effect of current treatments onNAFLD-associated
cardiometabolic conditions [40], in the present systematic
review and meta-analysis, the association of subclinical car-
diac structure and function abnormalities in patients with
NAFLD has been examined.

We found that NAFLD patients both adults and children
have increased features of diastolic LV dysfunction. In fact,
NAFLD adult patients had a lower 𝐸/𝐴 ratio and a higher
𝐸/𝑒 ratio, while children with NAFLD had higher 𝐸/𝑒 ratio.

Diastolic LV dysfunction is increasingly acknowledged as
a major contributor to the development of heart failure, but
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(b)

Figure 5: Forest plots show the comparison of LVmass indexed to height2.7 betweenNAFLD andNONAFLD obese children and adolescents
(a) and between obese children with NAFLD and healthy lean subjects (b).
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Figure 6: Forest plots show the comparison of early mitral velocity (𝐸)/late mitral velocity (𝐴) ratio between NAFLD and NONAFLD obese
children and adolescents.
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Figure 7: Forest plots show the comparison of 𝐸/early diastolic tissue velocity (𝑒) ratio between NAFLD and NO NAFLD obese children
and adolescents.
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as the early onset of heart failure with preserved systolic func-
tion (e.g., preclinical diastolic dysfunction) is asymptomatic,
it is often not diagnosed in the early stages [41]. Although
systolic function is well characterized by determinations of
ejection fraction, diastolic function characterization of the
heart’s stiffness, relaxation, and pressure changes is more
difficult. Invasive measures of rate of LV pressure decline, LV
relaxation time constant, and stiffness modulus can charac-
terize diastolic function [42]. Echocardiography, a common
noninvasive imaging technique, is useful in determining the
presence of systolic or diastolic dysfunction. In the diastole,
the LV filling pattern consists of 2 phases: early and late
atrial contraction. The 𝐸/𝐴 ratio is used as an estimate of
the relaxation pattern of the ventricle. Furthermore, TDI can
be used to measure myocardial motion, specifically the rate
at which the mitral annulus moves toward the base during
early diastole (𝑒).TheLVfilling pressures can be estimated by
the 𝐸/𝑒 ratio [42]. Thus 𝐸/𝐴 ratio and 𝐸/𝑒 ratio are reliable
markers of LV diastolic function.

In addition to LVdiastolic dysfunction, ourmeta-analysis
showed significant differences in LV mass index, a contin-
uous measure of cardiac structure, between adult patients
with NAFLD and controls. In the pediatric population, the
standardized mean difference in LV mass between obese
children with NAFLD and obese subjects without liver
involvement did not reach statistical significance. However,
when compared to healthy lean controls, the standardized
mean difference in LV mass was statistically significant.
Although LV diastolic dysfunction is known to be associated
with the development of LV hypertrophy, investigations in
both human and animal models of hypertension suggest that
early LV diastolic dysfunction may precede the development
of LV hypertrophy [43].

It should be pointed out that, in a meta-analysis, the
presence of heterogeneity in study design and clinical char-
acteristics of subjects may influence the interpretation of
the pooled risk estimates. However, even using the random-
effects model, taking account of the variation between the
different studies yielded a statistically significant estimate of
LV dysfunction. Of note, there was no evidence of statisti-
cally significant heterogeneity among the studies involving
children.

The severity of liver disease was not considered inmost of
the studies.Thismay be due to liver biopsy being invasive and
expensive and the ever present possibility of complications.
Only one study in adults and one in children disclosed cardiac
data according to liver histology and showed conflicting
results. Karabay et al. [32] found no significant differences
in cardiac dysfunction among NAFLD groups (e.g., simple
steatosis, borderline NASH, and definite NASH). In contrast,
Pacifico et al. [29] showed that obese children with NAFLD
have features of early LV dysfunction, compared to obese
children without NAFLD and lean controls. Notably, when
the group of obese subjects was divided according to the pres-
ence of NASH, it was evident that some functional cardiac
differences were more pronounced in the group of NASH.
Therefore, some misclassification of individuals with NASH
as controls would probably tend to reduce the strength of
the association between NAFLD and cardiac abnormalities.

Interpretation of the results of this meta-analysis is limited
by other caveats; that is, a small number of studies met the
inclusion criteria, and all the reported analyses relied on the
standardizedmean differences between patients and controls,
without adjustment for other potential confounder factors.

Although the pathogenesis of cardiac dysfunction in
NAFLD is still unclear, insulin resistance, abnormal lipid
profile, and low-grade inflammatory state have been sug-
gested to play a role [44–47]. Hepatic steatosis is associated
with hepatic insulin resistance, which means that hepatic
glucose production is impaired, leading to hyperglycemia
and compensatory hyperinsulinemia. This may worsen both
systemic and cardiac insulin resistance. The liver plays an
important role in controlling the amount of circulating lipids.
In patients with NAFLD, the increase in free fatty acids
may lead to myocardial lipid accumulation, with consequent
alterations in LV function [46–48]. In fact, myocardial steato-
sis may cause changes in myocardial substrate metabolism
and efficiency (as measured by cardiac work/myocardial
oxygen consumption) that occur early in the process lead-
ing to impaired LV contractility [44, 45]. Using 1H-MRS,
Rijzewijk et al. showed that the intramyocardial fat content
was significantly higher in uncomplicated type 2 diabeticmen
than in nondiabetic controls and was related to impaired car-
diac metabolism [49]. Epicardial adipose tissue (EAT), being
metabolically active, produces proatherogenic, proinflamma-
tory, and prothrombotic adipocytokines [50, 51]. Its anatomic
location, without any barrier to the adjacent myocardium,
results in local paracrine interaction between EAT and the
myocardium [52]. Perseghin et al. who used cardiacMRI and
31P-MRS showed that patients with fatty liver had increased
epicardial fat and abnormal cardiac metabolism [24]. Thus,
epicardial and myocardial fat represent abnormal ectopic fat
storage and may be a marker of the cumulative effects of
NAFLD and insulin resistance in the setting of pathological
adiposity [48, 52], leading to cardiovascular complications
[53].

More recently, it has been shown that the liver activates
homeostatic mechanisms which increase the production and
export of non-HDL-C to reduce the toxic effect of excess
cholesterol due to diet. Thus, the liver may limit free choles-
terol toxicity, but a consequence is that APOB-containing
atherogenic lipoproteins are produced, which may, at least
in part, account for the increased cardiovascular risk in
patients with NAFLD [54]. Emerging evidence also suggests
that NAFLD, especially in its necroinflammatory form,might
be involved in the pathogenesis of cardiac function abnor-
malities through the systemic release of several mediators
from the steatotic and inflamed liver (including C-reactive
protein, interleukin-6, tumor necrosis factor-𝛼, and other
proinflammatory cytokines) [11, 55].

Genetic studies have highlighted several single nucleotide
polymorphisms that may characterize patients with a high
risk for NAFLD development and progression [56–60]. In
particular, a common missense variant, rs738409 (I148M),
in the patatin-like phospholipase 3 (PNPLA3) gene has
been associated not only with increased hepatic fat content
and serum liver enzymes but also with increased risk of
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NASH and fibrosis progression [56, 58]. Recently, genetic
variation in the transmembrane 6 superfamily member 2
protein (TM6SF2) at rs58542926 has been shown to confer
susceptibility to NAFLD, independent of genetic variation in
PNPLA3 at rs738409 [59, 60]. Of note, the E167K variant
in TM6SF2 is associated with a distinct subtype of NAFLD,
characterized by preserved insulin sensitivity with regard
to lipolysis, hepatic glucose production, and lack of hyper-
triglyceridemia despite a clearly increased liver fat content
[61]. In addition, Dongiovanni et al. [62] found that the
TM6SF2 E167K variant increases susceptibility to NASH
and liver fibrosis but protects against cardiovascular disease
(CVD). Their findings suggest that inhibition of secretion of
very-low-density lipoproteins from the liver protects against
CVD, but at the cost of an increased risk of severe liver
disease.

In conclusion, our analysis supports the association
between NAFLD and subclinical cardiovascular changes.
However, confirmation in large cross-sectional and less het-
erogeneous studies is needed. If LV dysfunction in NAFLD is
confirmed, future research directions should include strate-
gies and interventions to prevent cardiac disease progression
in patients with NAFLD.
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Background. Noninvasive tools to diagnose nonalcoholic fatty liver disease (NAFLD), including transient elastography (TE) and
enhanced liver fibrosis panel (ELF), have only been evaluated in children with biopsy-proven NAFLD.We evaluated the prevalence
of ELF and TE abnormalities in obese children without clinical liver disease and examined the effects of BMI stabilization on
ELF and TE in a longitudinal approach.Methods. 39 obese children (17m, age 12.3 (7.6–17.4) years) who participated in a 12-month
lifestyle-intervention program underwent TE and ELF testing at baseline and at completion of the program. Results were compared
with data from a nonobese paediatric cohort. Results. TE and ELF at baseline were significantly elevated compared to controls (TE:
5.9 (3.4–8.3) kPa versus 4.45 (2.45–8.85) kPa, 𝑃 < 0.01; ELF: 9.0 (7.87–9.60) versus 8.6 (7.33–11.52), 𝑃 = 0.033). All children with
elevated TE and ELF results had normal transaminases. After the program, ELF and TE normalized. Reduction of ELF and TE was
associated with a decrease in BMI centile. Conclusion. Abnormal TE and ELF results in obese children suggest presence of NAFLD
even when transaminases are normal. TE and ELF might be used as monitoring tools for NAFLD. BMI stabilisation normalizes TE
and ELF, underlining the impact of lifestyle intervention.

1. Introduction

Childhood obesity represents a growing problem in indus-
trialized nations. It can be accompanied by a number of
comorbidities, including metabolic syndrome with arterial
hypertension, type 2 diabetes, dyslipidemia, andnonalcoholic
fatty liver disease (NAFLD) or steatohepatitis (NASH) [1].
NASH/NAFLD has now become the most frequent cause for
chronic liver disease in children in industrialised nations [2].
According to some reports,NAFLDappears to be prevalent in
up to 80% of obese children [2, 3] and can progress to hepatic
cirrhosis requiring liver transplantation in individual cases
[4].

Elevated transaminases are a frequent feature in obese
children (up to 10% in children with BMI ≥ 95th centile)
[5]. The clinical challenge lies in determining who should
undergomore detailed investigations for NAFLD andNASH,

which in suspicion of advanced disease still comprise liver
biopsy [6].

Several noninvasive approaches in obese children have
been evaluated in order to screen for NAFLD and NASH [7–
15]. The majority of these studies have been conducted in
children with an established diagnosis of obesity-related liver
disease based on liver biopsy. The prevalence of abnormal
test results for noninvasive tests in obese children with no
other indication of liver disease is unclear. A screening tool
that would permit identification of those children at risk of
obesity-related liver disease would facilitate the streamlining
of diagnostic procedures and the selection of candidates for
more invasive diagnostics and for continued surveillance
and might also serve as an additional motivator for the
implementation of life-style changes.

Our study examines the use of two noninvasive tech-
niques in obese children, namely, liver elastography by
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Table 1: Demographic and baseline clinical characteristics of the
study population.

𝑛 (%)/median (range)
Obese study population

Gender
Boys 17 (44%)
Girls 22 (56%)

Age (years) 12.3 (7.6–17.4)
Characteristics of obesity

BMI (kg/m2) 28.48 (20.9–42.7)
BMI percentile 99.1 (90.7–99.9)
BMI-SDS 2.36 (1.33–3.58)
WHtR 0.61 (0.51–0.74)
WC > 90th centile 39 (100%)
Triglycerides (mg/dL) 80 (25–317)
Above ULN 9 (23.07%)

Total cholesterol (mg/dL) 177 (108–289)
Above ULN 5 (12.82%)

LDL cholesterol (mg/dL) 110 (44–225)
Above ULN 16 (41%)

Fasting glucose (mg/dL) 84 (69–107)
Above ULN 0 (0%)

HOMA index (𝑛 = 37) 3.2 (1.1–7.4)
>1 37 (100%)
>3 22 (59%)

BMI: body mass index; SDS: standard deviation score; WHtR: waist-to-
height ratio;WC: waist circumference; ULN: upper limit of normal; HOMA:
homeostasis model assessment; n.r.: not recorded.
Upper limits of normal: triglycerides 120mg/dL, cholesterin 250mg/dL,
fasting glucose 120mg/dL, HOMA index <1, and LDL cholesterol 116mg/dL.

Fibroscan and serological determination of the enhanced
liver fibrosis (ELF) score, in a longitudinal approach. We
examined the prevalence of abnormal test results for ELF and
Fibroscan in an unselected cohort of obese children. Fur-
thermore, we have studied the development of these markers
after a structured nutrition-exercise-behaviour-intervention
program for obese children in order to see whether improve-
ment of markers of obesity will result in improvement in
noninvasive markers of associated liver disease.

2. Subjects and Methods

2.1. Patients. Between February 2011 and August 2012, all
children who had been enrolled in the lifestyle-intervention
program “KiCK” at Children’sHospital “Auf der Bult” inHan-
nover targeting childhood obesity were approached for par-
ticipation in our study. Of 48 eligible children, 39 (age 7.6–
17.4 years, median 12.3 years, 17 boys, 22 girls) agreed to
participate.Demographic and baseline clinical characteristics
of the participants are described in Table 1.

Study participants underwent Fibroscan examination and
blood sampling for ELF testing on the occasion of routine
visits at the beginning and at the end of the 12-month lifestyle-
intervention program. Medical background data and routine
laboratory results were extracted from the patients’ notes.

2.2. Controls. 𝑁 = 85 healthy children (33 girls and 52 boys,
age 3.8 (0.3–15.8) years) who underwent blood sampling at
the occasion of minor surgery were recruited as normal con-
trols for ELF test. Normal values for transient elastography
(TE) were drawn from a cohort of 270 healthy children (153
boys, 117 girls) aged 0.3–17.7 (median 7.0) years as published
by our group in [16].

Informed consent was obtained from the patients’ and
controls’ legal guardians and the patients/controls themselves
if appropriate.

The study protocol was approved by the local ethics board
of Hannover Medical School and is in compliance with the
Helsinki Declaration of the World Medical Association.

2.3. Lifestyle-Intervention Program. The lifestyle-interven-
tion program “KiCK” targets obese children between the ages
of 8 and 17 years. It comprises a thorough medical examina-
tion, a psychological evaluation, weekly group meetings with
exercise sessions, and regular educational activities covering
topics such as healthy eating, nutrition behavior, and dealing
with everyday problems. Parents and guardians are included
in the educational activities. The program runs for a total
of 12 months. Participants are subsequently followed up in
a dedicated obesity clinic. Only children with a BMI > 97th
centile are eligible for participation.

2.4. Liver Stiffness Measurements. Liver stiffness measure-
ments (LSM) were performed by transient elastography (TE)
using the Fibroscan (Echosens, Paris, France). Echosens
provides twomeasurement probes (S,M), whichwill perform
elastography in varying depths ranging from 15–40mm (S1)
and 20–50mm (S2) to 25–65mm (M). For the vast majority
of patients, theMprobewas used based on themanufacturer’s
recommendation for probe choice according to chest circum-
ference (CC) and age (CC < 45 cm or age < 6 years S1 probe,
CC 45–75 cm or age 6–14 years S2 probe, and CC > 75 cm or
age > 14 years M probe). An XL probe was not available at the
time of the study.

For the liver stiffness measurements, patients were in
supine position with the right arm in abduction. Manu-
facturer recommendation is to perform Fibroscan measure-
ments in the anterior axillary line. Depending on distribution
of subcutaneous fat in this particular study population, we
sometimes had to deviate from this and perform measure-
ments in the mid-clavicular line.

Fibroscan results were only considered acceptable if the
following conditions were met: at least 8 valid measurements
were obtained in one particular site of measurement (met in
30 patients at the baseline visit and in 21 at the follow-up visit)
and the ratio of the median of ten successive measurements
and the interquartile range (IQR) was <30% (failed in 2 cases
with valid number ofmeasurements). A total of 49 acceptable
Fibroscan examinations were obtained in 𝑛 = 39 patients (28
at baseline, 21 at follow-up).

2.5. Enhanced Liver Fibrosis (ELF) Test. The enhanced liver
fibrosis test (ELF test, Siemens) combines hyaluronic acid
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Table 2: Hepatic involvement in obese study group at baseline in comparison to healthy controls or laboratory reference range.

Obese cohort
median (range)

Healthy controls
median (range) 𝑃

ALT (ULN 39U/L) 19U/L (10–60)
AST (ULN 41U/L) 23U/L (10–41)
GGT (UNL 44U/L) 22U/L (3–44)
Bilirubin (ULN 9 𝜇mol/L) 5 𝜇mol/L (2–14)

Transient elastography (ULN 6.5 kPa)
5.9 kPa (3.40–8.30)
𝑛 = 28

Above ULN: 𝑛 = 8 (28%)

4.45 kPa (2.45–8.85)
𝑛 = 270

<0.01

Enhanced liver fibrosis (ELF) test
cut-off for “any” fibrosis: 9.28

9.0 (7.87–9.60)
𝑛 = 33

Above 9.28: 𝑛 = 7 (21%)

8.6 (7.33–11.52)
𝑁 = 85

0.033

ALT: alanine aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutaryl transpeptidase; ULN: upper limit of normal; TE: transient
elastography; ELF: enhanced liver fibrosis panel.

(HA), amino-terminal propeptide of type III collagen (PII-
INP), and tissue inhibitor of metalloproteinase-1 (TIMP-1) in
an algorithm. According to the manufacturers, the following
cut-off values are applicable: values <7.7 for mild or no
fibrosis, 7.7–9.8 for moderate fibrosis, and >9.8 for severe
fibrosis. Serum samples for ELF testing were obtained in
𝑛 = 33 patients for the baseline visit and in 27 patients for
the follow-up visit. Samples were frozen and stored at −20∘C
until time of analysis. Siemens ADVIA Centaur was used for
analysis.

2.6. Statistics. Continuous variables are given as median and
range. For categorical variables, frequencies and percentages
are given. Wilcoxon signed-rank test was used to compare
paired data from before and after the lifestyle-intervention
program. Chi-square test was used to compare frequencies
of categorical variables in different groups.

3. Results

3.1. Degree of Obesity and Associated Medical Issues at
Baseline. 39 children were available for baseline assessment
before the start of the KiCK program. Baseline parameters
of obesity are described in Table 1. 34/39 children had a BMI
above the required 97th centile at baseline.

We determined homeostasis model assessment (HOMA)
index as a marker for the presence of insulin resistance and
fasting triglycerides and cholesterol as a marker for dyslipi-
demia. HOMA index was found to be above normal (i.e., >1)
in the whole study population and in a range suggestive of
insulin resistance (>3) in 𝑛 = 21. Dyslipidemia with raised
triglyceride and/or cholesterol levels was present in 9 and 5
children, respectively; 16 and 12 children, respectively, had
raised LDL cholesterol. Based on these findings, 9 children
fulfilled the definition of having metabolic syndrome, as
defined by a cooccurrence of three ormore features of obesity
with waist circumference (WC) > 90th centile, dyslipidemia,
alterations of glucose metabolism, and hypertension.

3.2. Hepatic Involvement at Baseline. Liver function tests
and results of TE and ELF test are given in Table 2. ALT,

AST, and GGT were normal in the majority of children,
giving no indication of obesity-related liver disease. However,
liver stiffness values were found to be significantly elevated
compared to healthy controls (5.9 (3.4–8.3) kPa versus 4.45
(2.45–8.85) kPa, 𝑃 < 0.01). 28.6% (𝑛 = 8) of our study
participants showed liver stiffness values above the upper
limit of normal (6.5 kPa).

ELF values were equally found to be significantly higher
in the obese study participants when compared to healthy
controls. 21.2% (𝑛 = 7) of our participants had ELF values
above the cut-off of 9.28 given as the cut-off for “any fibrosis”
in [13].

3.3. Change in Anthropometric Measures and Laboratory
Values after 12Months of Lifestyle-Intervention Program. Pre-
and postintervention data were available for 36 children.
After 12months of lifestyle intervention, an overall significant
improvement for BMI percentile and BMI-SDS could be
observed (Table 3), even though individual patients failed the
program completely (Figure 1). There was a nonsignificant
trend for HOMA index to improve (𝑃 = 0.09). While
triglyceride levels improved significantly (𝑃 = 0.02), neither
total cholesterol nor LDL cholesterol showed a significant
change. ALT levels stayed in the range of normal for the
majority of patients but nevertheless showed a significant
increase (𝑃 = 0.02).

3.4. Change in Hepatic Parameters after 12 Months of Lifestyle-
Intervention Program. Liver stiffness values improved after
the program, although this difference failed to reach the level
of significance (𝑃 = 0.076). Postprogram liver stiffness values
did not differ from control values anymore (Figure 2(a)). ELF
values improved significantly (𝑃 = 0.02) and were similarly
not different from control values any more (Figure 2(b)).

3.5. Influences on Improvement of ELF Scores and Liver
Stiffness Measurements. Improvement of BMI centiles, BMI-
SDS, and WHtR was significantly associated with a decrease
in liver stiffness (Table 4, 𝑃 = 0.001, chi-square). Similarly,
a decrease in BMI centiles and BMI-SDS was significantly
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Table 3: Anthropometric measures and laboratory values at baseline and after 12 months.

𝑛
Obese study population,

baseline,
median (range)

𝑛
Obese study population,

follow-up,
median (range)

𝑃

BMI
All participants 39 28.48 (20.9–42.7)
Patients with paired follow-up data 36 28.13 (20.9–42.7) 36 27.79 (19.2–44.9) 0.925

BMI percentile
All participants 39 99.1 (90.7–99.9)
Patients with paired follow-up data 36 98.95 (90.7–99.9) 36 98.55 (81.3–99.9) 0.003

BMI-SDS
All participants 39 2.36 (1.33–3.58)
Patients with paired follow-up data 36 2.31 (1.33–3.58) 36 2.25 (0.90–3.68) 0.028

WHtR
All participants 39 0.61 (0.51–0.74)
Patients with paired follow-up data 33 0.60 (0.51–0.73) 33 0.60 (0.47–0.77) 0.914

Triglyceride
All participants 39 80mg/dL (25–317)
Patients with paired follow-up data 36 81mg/dL (25–317) 36 61mg/dL (22–328) 0.020

Total cholesterol
All participants 39 177mg/dL (108–289)
Patients with paired follow-up data 36 180mg/dL (108–289) 36 166mg/dL (108–265) 0.090

LDL cholesterol
All participants 39 110mg/dL (44–225)
Patients with paired follow-up data 36 110mg/dL (44–225) 36 104mg/dL (48–207)

Fasting glucose
All participants 39 84mg/dL (69–107)
Patients with paired follow-up data 36 84mg/dL (69–107) 36 81mg/dL (67–97) 0.002

HOMA index
All participants 37 3.2 (1.1–7.4) 31 2.4 (0.3–7.1)
Patients with paired follow-up data 29 3.2 (1.1–7.4) 29 2.3 (0.3–7.1) 0.091

Transient elastography
All participants 28 5.9 kPa (3.4–8.3) 21 4.5 kPa (2.4–9.6)
Patients with paired follow-up data 18 5.0 kPa (3.4–8.3) 18 4.4 kPa (2.4–9.6) 0.076

Enhanced liver fibrosis (ELF) test
All participants 33 9.0 (7.87–9.60) 27 8.51 (7.15–9.55)
Patients with paired follow-up data 25 8.9 (7.87–9.60) 25 8.51 (7.15–9.55) 0.02

BMI: body mass index; WHtR: waist-to-height ratio; HOMA: homeostasis model assessment.

associated with a decrease in ELF test (Figures 3(a) and 3(b)).
Decrease in HOMA index did not show any association with
ELF or TE improvement.

4. Discussion

In our study, we addressed the issue of whether the non-
invasive markers transient elastography as measured by
Fibroscan and enhanced liver fibrosis panel ELF could serve
as screening tools for hepatic involvement in obese children
who otherwise show no indication of liver disease. We also
wanted to examine the effects of potential BMI improvement

on liver stiffness and ELF score, with a view that has effects
on noninvasive parameters which might help to underline
the overall health benefit of weight loss for these patients. To
the best of our knowledge, this is the first study that looks at
the development of ELF and TE in a longitudinal approach
during weight loss.

NASH and NAFLD can be difficult to diagnose in obese
children and adolescents. Usually, elevated transaminases are
used as a screening tool forNAFLD [17, 18]. According to cur-
rent ESPGHAN recommendations, a diagnosis is then made
based onultrasoundfindings, age of the child, concurrent risk
factors, exclusion of other liver diseases, and possibly liver
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Figure 1: BMI at baseline and follow-up.
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Figure 2: ELF and TE at baseline and follow-up.

biopsy. About 10% of children are with BMI ≥ 95th centile
present with elevated transaminases [5]. However, NAFLD
has also been found in patients with normal transaminases
[2, 19]. A screening based solely on levels of transaminases
therefore risks missing children who have or are at risk
of developing NAFLD. Noninvasive screening tools could

help to identify children that merit further surveillance and
investigation.

We found both liver stiffness and ELF score to be
significantly elevated in obese children compared to a healthy
nonobese control sample. Almost one-third of obese children
had increased liver stiffness values initially, and 20% had ELF
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Table 4: Trend cross table and Pearson’s chi-square test.

Enhanced liver fibrosis (ELF) test Transient elastography (Fibroscan)
Stable Improved Deteriorated 𝑛 Stable Improved Deteriorated 𝑛

BMI percentile
Stable 0 2 0 2 0 0 0 0
Improved 0 12 4 16 1 12 1 14
Deteriorated 0 5 2 7 0 0 4 4
𝑛 0 19 6 25 1 12 5 18

Pearson’s chi-square test P = 0.001 P = 0.001
BMI-SDS

Stable 0 0 0 0 0 0 0 0
Improved 0 13 4 17 1 12 1 14
Deteriorated 0 6 2 8 0 0 4 4
𝑛 0 19 6 25 1 12 5 18

Pearson’s chi-square test P = 0.001 P = 0.001
BMI: body mass index; SDS: standard deviation score.
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Figure 3: Changes in BMI according to improvement in TE and ELF.

values that have previously been described as indicative of
hepatic fibrosis [10, 13]. None of the children with abnormal
TE or ELF test results had abnormal transaminases, meaning
that ELF and TE were the only parameters indicating liver
affection.

Maximal TE values were 8.3 kPa.The cut-off for the diag-
nosis of significant fibrosis in an adolescent NAFLD popula-
tion has been previously reported at 7.4 kPa [12] and 8.6 kPA
[9], while values between 5 and 7 kPa suggested presence of
abnormality [12].The drawback is that transient elastography,
while good at detecting advanced fibrosis with high sensitiv-
ity, lacks the power to precisely discriminate low degrees of
fibrosis. It is therefore impossible to precisely determine the
exact severity of hepatic changes in the children of our cohort.
Based on the publications by Nobili and Alkhouri [9, 12],
however, we have to assume that the elevatedTE results reflect
a certain degree of hepatic steatosis and/or fibrosis that would
otherwise have been undetected. A comparison of our liver

stiffness results for histology of course would have been ideal
but was impossible for ethical reasons.

As for ELF, normal ranges for children and adolescents
have not been published previously. Normal values in adults
were found to be dependent on age and gender [20], with
higher values in men and in adults >30 years versus <30
years of age. Our own control cohort is too small to calculate
centiles according to age and gender. Based on the findings of
Lichtinghagen et al. [20], it is conceivable that the postulated
difference between ELF values in the obese cohort versus the
control cohort results in part from an age difference between
the groups. However, the age of the study population in
[13] giving a cut-off of 9.28 for the presence of any fibrosis
in adolescents with biopsy-proven NASH/NAFLD was very
similar to the age of our cohort.

As for any test, its diagnostic value and accuracy depend
on the characteristics of the patient sample and the clinical
question it is used for. Other studies that evaluated the
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use of TE or ELF for the diagnosis of NASH/NAFLD used
preselected patient cohorts that had biopsy-proven NAFLD
[7–15]. While cut-offs and their interpretation from these
diagnostic studies cannot be unquestioningly transferred to
screening populations like our cohort, our findings still show
that there can be hepatic effect in obesity thatmight otherwise
go unrecognized.

The current ESPGHAN guidelines for the diagnosis of
NAFLD/NASH describe the following indications for liver
biopsy: to rule out other treatable diseases, in case of clinically
suspected advanced liver disease, before pharmacological or
surgical treatment and as part of structured intervention pro-
tocols or clinical trials [14]. ELF and TE could help to iden-
tify patients for heightened NASH/NAFLD surveillance and
possible liver biopsy.

After the program, only 2 children still had liver stiffness
values above the upper limit of normal, and ELF decreased
significantly. One limitation here is certainly the small
amount of paired data due to technical failure of the Fibros-
can examination in some of the patients.The reduced success
rate of TE in obese patients has been reported repeatedly
[16, 21]. The use of an XL probe would have been ideal;
however, this probe was not available yet at the time of the
study. Also, differences in liver stiffness results, according
to which probe is used, have been described [16, 22]. We
therefore consider it an advantage that both the obese cohort
and the control children were examined with the M probe.
The limited number of paired pre- and post-TE exams might
explain why the pre-/postdifference failed to reach the level
of significance.

Another limitation of this study is the low overall impact
of the structured lifestyle-intervention program. While there
was a clear-cut effect on BMI centile, this effect in total was
small and many children stayed well in the obese spectrum.
This success rate is comparable to other published reports on
the feasibility and effects of lifestyle-intervention programs
[23–26]. The KiCK program has previously been shown
to be associated with an improvement in quality of life
of the participants, which in part was independent of the
extent of BMI reduction [27]. Despite the moderate BMI-
stabilizing effect in our current series, most of the metabolic
parameters either improved significantly or at least showed a
trend towards improvement. Data on non-HDL cholesterol,
which could have served as an additional metabolic predictor
of hepatic injury [28], unfortunately was not available. A
larger weight loss effect might have helped to establish a
link between improvement of ELF and TE and weight loss
parameters even more clearly. In adults, several lifestyle-
intervention programs linked weight loss to an improvement
in histological inflammation and partially in fibrosis [29]. In
children, several trials have shown improvement of biochem-
ical parameters such as ALT after BMI stabilisation, but only
one trial exists that examined the effects of weight loss on
histological changes [26].The average weight loss seen in this
trial was bigger than what we observed in our cohort. We
demonstrated elevated markers of hepatic fibrosis in obese
children even in the absence of elevated transaminases, with
a normalisation of the mentioned markers after moderate
BMI stabilisation. The changes in TE and ELF observed in

our cohort might reflect true histological improvement. Our
findings suggest that the success and influence of therapeutic
intervention on obesity-related comorbidities could poten-
tially be monitored noninvasively. The fact that we found a
normalization of ELF and TE despite the small effects on BMI
supports the statement that every little step of weight loss
improves hepatic health, even if complete BMI normalization
cannot be reached. This statement could potentially be used
to support patient motivation.

5. Conclusion

ELF and TE can detect hepatic changes suggestive of NAFLD
in obese children even when transaminases are normal.
ELF and TE could therefore help to select children that
warrant further surveillance, even after the end of a lifestyle-
intervention program, and might need to undergo more
invasive diagnostic measures in the future. A structured
lifestyle-intervention program led to normalisation of liver
stiffness and ELF results in association with a reduction in
BMI centile and BMI-SDS. ELF and TE could therefore serve
as monitoring tools for therapeutic intervention in children
and adolescents with NAFLD or NASH.
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Numerous studies conducted on obese humans and various rodent models of obesity have identified a correlation between hepatic
lipid content and the development of insulin resistance in liver and other tissues. Despite a large body of the literature on this topic,
the cause and effect relationship between hepatic steatosis and insulin resistance remains controversial. If, as many believe, lipid
aggregation in liver drives insulin resistance and other metabolic abnormalities, there are significant unanswered questions as to
which lipid mediators are causative in this cascade. Several published papers have now correlated levels of diacylglycerol (DAG),
the penultimate intermediate in triglyceride synthesis, with development of insulin resistance and have postulated that this occurs
via activation of protein kinase C signaling. Although many studies have confirmed this relationship, many others have reported a
disconnect between DAG content and insulin resistance. It has been postulated that differences in methods for DAGmeasurement,
DAG compartmentalization within the cell, or fatty acid composition of the DAGmay explain these discrepancies. The purpose of
this review is to compare and contrast some of the relevant findings in this area and to discuss a number of unanswered questions
regarding the relationship between DAG and insulin resistance.

1. Introduction

Hepatic insulin resistance, lipid accumulation, and inflam-
mation seem to be tightly interconnected. Indeed, strong cor-
relations among these variables have been detected in obese
human subjects and in studies conducted on a variety of
mouse and ratmodels. However, the cause and effect relation-
ship among these factors is not always clear and usually diffi-
cult to discern [1]. Furthermore, the largest genetic predictors
of NAFLD are not always associated with hepatic insulin
resistance [2, 3]. Experimental approaches to modulate the
abundance of a given lipid unavoidably lead to changes in the
abundance of other interconverted lipids such that manip-
ulating the concentrations of one lipid in isolation seems
impossible. Furthermore, difficulties in measuring the abun-
dance of lipids present at very low levels and reproducibility
across different model systems have raised questions regard-
ing whether a specific lipid can be causally linked to develop-
ment of insulin resistance.Whereas several lipids accumulate

in steatotic liver, this review will focus on diacylglycerol
(DAG), the evidence linking it to insulin resistance, and the
controversy surrounding this linkage.

On the surface, DAG is a simple hydrophobic lipid that is
normally a component of cellular membranes or is stored in
lipid droplets. DAG is composed of a glycerol backbone and
two fatty acyl groups. However, the biophysical properties
and the physiological effects of DAG can be strongly influ-
enced by the composition of the fatty acyl groups and its
physical location within the cell. For example, acyl moieties
can be esterified at either the sn-1,2 or the sn-1,3 positions of
glycerol depending upon the pathway used to generate the
DAG molecule. These two stereoisomers have different bio-
physical properties in membranes and previous work has
shown that the sn-1,2 stereoisomer is much more potent,
compared to sn-1,3-DAG, at activating certain signaling
cascades linked to insulin resistance [4]. Accumulation of
DAG containing saturated fatty acids has also been linked
to development of insulin resistance. There is also correlative
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evidence that the abundance of DAG in the various intracel-
lular compartments (membrane versus lipid droplet) can be
more strongly associated with insulin resistance [5, 6].

2. Connections between DAG and
Insulin Resistance

Some of the original work correlating tissue DAG concentra-
tions to insulin resistance was conducted in obese rats almost
25 years ago [7]. Based on previous work showing that phor-
bol ester, aDAGanalog, could impair insulin action, Turinsky
and colleagues hypothesized that endogenous DAGmight be
increased in insulin-resistant rodents. Measurement of DAG
in obese Zucker rat tissues revealed that 1,2-DAGwas elevated
inmultiple tissues in thismodel of type 2 diabetes. Since then,
elevated DAG has been correlated to impaired insulin action
in a variety of studies [8–13]. Ectopic accumulation ofDAG in
livermay be due to a variety of factors including consumption
of a high fat or high sugar diet, inability of adipose tissue
to appropriately store lipids leading to elevated circulating
free fatty acids [14–16], or effects of oxidative stress in the
liver causing DAG formation [17–19]. Because many lipids
accumulate ectopically in obesity, which is correlated with
insulin resistance, a variety of lipid species can be correlated
with insulin resistance in obese animal models or humans.
However,much of the recent attention in this area has focused
onDAGdue to the identification of clearmechanisms linking
DAG to impaired insulin signaling.

Specifically, DAG has been shown in a variety of model
systems to activate protein kinase C (PKC) family kinases,
which physically interact with membrane-embedded DAG
[20]. In hepatocytes or intact liver, links among DAG accu-
mulation, PKC activation, and impaired insulin action have
been made for PKC𝜀 [21] and PKC𝛿 [22]. The mechanism of
PKC𝜀 inhibition of insulin action was mediated via a direct
interaction of PKC𝜀 with the insulin receptor to inhibit its
intrinsic kinase activity [21] (Figure 1). The link between
PKC𝜀 activation and hepatic insulin resistance is supported
in correlative fashion by several papers [12, 13, 16, 23, 24] and
in more convincing fashion by “knocking down” PKC𝜀 in
liver by RNAi [21]. PKC𝜀 knockout mice exhibit improved
glycemic control on a high fat diet, but this is likely mediated
via enhanced insulin secretion [25]. PKC𝛿 is also activated in
steatotic liver [22, 25] and PKC𝛿 knockoutmice are protected

from high fat diet induced hepatic steatosis while PKC𝛿
overexpression was sufficient to drive insulin resistance [22].

As delineated above, numerous studies have correlated
altered DAG concentrations to PKC activation and insulin
resistance. However, it should be noted that several notable
exceptions to these correlations have been detected where
DAG accumulation in liver was not associated with devel-
opment of insulin resistance [26–33]. One interpretation of
these data is that DAG elevation is not, per se, sufficient
to cause insulin resistance. The caveat to this conclusion is
that it is not always clear whether all species, stereoisomers,
or subcellular compartments are affected similarly. Could a
change in the ratio or absolute amounts of sn-1,2 and sn-1,3
affect downstream signaling cascade activity? Similarly, could
the chain length and degree of saturation also impact inter-
pretation of these findings? Lastly, the subcellular compart-
mentalization of DAG has been reported to impact whether
DAG accumulation drives insulin resistance or not [5, 6].

Though a large number of studies have examined the
correlation between DAG and insulin resistance, this review
is going to focus primarily on data generated by targeting
enzymes that directly synthesize or degrade DAG. These
studies were mostly conducted in animal models with gene
deletion, gene expression knockdown, or overexpression.
As discussed below, there are multiple enzymatic reactions
involving glycerolipid and phosphoglycerolipid substrates
that can result in DAG synthesis. The compartmentalization
of many of these pathways, the substrate used, and the sub-
cellular location where the reaction occurs could influence
the resulting effect on metabolism and signaling. Moreover,
despite the focus on enzymes that directly regulate DAG
synthesis or turnover, this is not to say that other lipids
derived from DAG or substrates for DAG synthesis are not
affected. Indeed, as noted above, it is practically impossible
to affect the concentration of one lipid in isolation.

3. Mechanisms for DAG Synthesis

In the liver, one of the primary pathways for synthesizingDAG
is from the dephosphorylation of ER membrane-embedded
phosphatidic acid (PA) by the lipin family of proteins (lipin
1, lipin 2, and lipin 3) (Figure 2) [34, 35]. This pathway can
only produce 1,2-DAG since PA is phosphorylated at the sn-3
position. Evidence exists that both lipin 1 and lipin 2 encode
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significant hepatic PAP activity [36] and may play a role in
development of NAFLD and relatedmetabolic abnormalities.
Acute adenoviral-mediated knockdown of lipin 1 or lipin 2
was shown to reduce hepatic DAG, PKC𝜀 activation, and
associated insulin resistance [37, 38]. However, when hepatic
steatosis was examined in liver-specific lipin 1 knockout mice
fed a diet containing high amounts of ethanol, alcoholic
hepatic steatosis and liver diseases were exacerbated by lipin
1 deficiency [39]. Similarly, we have recently found that liver-
specific lipin 1 knockout mice are not protected from hepatic
steatosis and insulin resistance after high fat diet (our unpub-
lished results). It is not clear whether these discordant results
between knockout mouse studies and RNAi approaches are
due to duration of lipin inhibition, chronic compensatory
mechanisms, or some other experimental differences.

Monoacylglycerol acyltransferase enzymes (MGAT1,
MGAT2, and MGAT3) also generate DAG by acylating
monoacylglycerol (Figure 1), and both sn-1,2 and sn-1,3 DAG
can be synthesized by MGAT enzymes. Recent work has
suggested that the expression of genes encoding MGATs
(Mogats) is markedly induced in human patients with
NAFLD [40] as well as rodent models of obesity [29, 41].
Mogat1 knockdown or Mogat2 KO in mice led to a reversal
or prevention of insulin resistance in high fat diet fed mice
[29, 41–43]. Interestingly,Mogat1 knockdown in diet-induced
obese mice, which caused a marked insulin sensitization,
did not affect hepatic DAG content or compartmentalization
[29, 42]. Despite this, membrane-associated PKC activity
was reduced by Mogat1 knockdown, with the caveat that the
PKC activity was not increased by the high fat diet compared
to low fat controls [29].

Adipose tissue triglyceride lipase (ATGL) is a major
hepatic triglyceride lipase [44]. Genetic deficiency in ATGL
leads to ectopic lipid accumulation, due to the inability to

mobilize stored triglycerides, in a number of tissues including
the liver [28, 31]. ATGL deficiency led to hepatic steatosis,
but this was not associated with development of hepatic
insulin resistance, inflammation, or fibrosis [28, 31, 32, 45],
despite the accumulation of DAG [31]. ATGL activity is
also controlled by an enhancer protein called CGI-58 [46].
Knockdown of CGI-58 also resulted in accumulation of
hepatic lipids, including DAG, but this did not cause insulin
resistance in high fat diet fed mice [26]. A follow-up study
concluded that loss of CGI-58 caused accumulation of DAG
specifically in lipid droplets rather than ectopically in cell
membranes, which prevented activation of PKC𝜀 signaling
[6]. However, this contradicted another previous study by
the same group showing a strong correlation between lipid
droplet DAG content and insulin resistance in human liver
[5]. These contradictory findings have not been reconciled.

4. Mechanisms for DAG Degradation

There aremultiple enzymes that convert DAG to other chem-
ical forms. This can be accomplished by addition or removal
of a fatty acyl molecule or addition of a phosphate group.The
effects of some of these pathways have now been examined by
using transgenic mouse systems or RNAi methodology.

The terminal step in triglyceride synthesizes the diacyl-
glycerol acyltransferases (DGAT1 and DGAT2). DGATs are
well expressed in liver and have been targeted for gene dele-
tion or knockdown by a number of studies. DGAT1 inhibition
did not affect insulin sensitivity in high fat diet fed rats, while
DGAT2 knockdown reduced hepatic lipid accumulation and
improved hepatic and whole body insulin sensitivity [47].
The improvement in insulin sensitivity was correlated with
a reduction in hepatic content of DAG and a corresponding
reduction in PKC𝜀 activity [47]. Liver-specific overexpression
of DGAT2 in transgenic mice somewhat surprisingly led to
an accumulation of DAG and TAG but, interestingly, did not
affect insulin sensitivity [27]. Subsequent analyses of these
mice contradicted this and suggested that hepatic insulin
sensitivity was impaired [11]. The discrepant results between
the two studies have not yet been explained. It is also unclear
why DGAT deficiency and overexpression had paradoxical
effects on DAG content, though an unexpected increase in
DAG was also observed with Mogat1 inhibition [29].

Hydrolysis of a fatty acyl group from DAG by fatty acid
lipases is another way to degrade DAG to other chemical
forms. Two genes encoding DAG lipases (Dagla and Daglb)
have been cloned, but their role in the liver and in hepatic
lipid homeostasis seems to be unknown. Hormone sensitive
lipase (HSL) was once considered the primary triglyceride
hydrolase but is now considered to be primarily a DAG
lipase. HSL deficient mice exhibit increased hepatic insulin
sensitivity with reduced hepatic triglyceride content [30,
48], while adenoviral-mediated overexpression of HSL also
reduced hepatic steatosis [49]. It is not clear whether hepatic
DAGcontentwas affected byHSL loss or gain of function, and
thus the evidence provided by these studies may not inform
us about the linkage between DAG and insulin resistance.

DAG phosphorylation by DAG kinase to produce PA is
another mechanism by which DAG concentrations could be
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affected.Whereas DAG kinase 𝛿 (DAGK𝛿) activity in skeletal
muscle has been linked to obesity-related insulin resistance,
no effect of diminished DAGK𝛿 activity in liver was detected
[50]. Could this mean that DAGK𝛿 is not well expressed in
liver or that another isoform of this family, of which there
are many, could be the predominant form in liver? This has
not been explored to our knowledge and it is not clear which,
if any, DAGK family members are highly expressed in liver.
Future studies may address this question.

5. Conclusions

The review of the relevant literature focused on enzymes
that directly synthesize or metabolize DAG reveals a pattern
of findings that is extremely mixed. Whereas some of the
studies support a link between altered DAG content and
insulin resistance through PKCs, other works fail to find
a relationship. Again, there is an important limitation to
interpreting data from this area; all of the generated data are
essentially correlative. It is also unclear how the proposed
mechanism for PKC𝜀-mediated impairment in insulin action
through inhibiting insulin receptor phosphorylation fits with
the concept of selective insulin resistance [51]. Selective
insulin resistance refers to the observation that although
insulin-mediated suppression of gluconeogenic pathways is
impaired in insulin-resistant liver, another pathway that
stimulates de novo lipogenesis through the sterol response
element binding protein (SREBP1) remains intact [51–54].
Though there are somewhat contradictory findings regarding
at which step in the bifurcating insulin signaling cascades
the selective insulin resistance occurs [52–54], it is generally
believed to be downstream of the insulin receptor. Therefore,
it is unclear how the PKC𝜀-mediated impingement on insulin
receptor activity fits with this widely observed concept and
meshes into the broader model of hepatic insulin resistance.
Futureworkwill be needed to address these discrepancies and
reconcile existing inconsistencies.
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Nonalcoholic fatty liver disease (NAFLD) is a leading cause of liver disease in developed countries. Its frequency is increasing
in the general population mostly due to the widespread occurrence of obesity and the metabolic syndrome. Although drugs and
dietary supplements are viewed as a major cause of acute liver injury, drug induced steatosis and steatohepatitis are considered
a rare form of drug induced liver injury (DILI). The complex mechanism leading to hepatic steatosis caused by commonly used
drugs such as amiodarone, methotrexate, tamoxifen, valproic acid, glucocorticoids, and others is not fully understood. It relates not
only to induction of the metabolic syndrome by some drugs but also to their impact on important molecular pathways including
increased hepatocytes lipogenesis, decreased secretion of fatty acids, and interruption of mitochondrial 𝛽-oxidation as well as
altered expression of genes responsible for drug metabolism. Better familiarity with this type of liver injury is important for early
recognition of drug hepatotoxicity and crucial for preventing severe forms of liver injury and cirrhosis.Moreover, understanding the
mechanisms leading to drug induced hepatic steatosis may provide much needed clues to the mechanism and potential prevention
of the more common form of metabolic steatohepatitis.

1. Introduction

Drug induced liver injury (DILI) is a leading cause of acute
liver failure and transplantation in western countries; and
although rare, represents a serious clinical problem due to
its unpredictable nature and possibly fatal course [1]. The
liver plays a central role in drug metabolism and clearance
and is therefore susceptible to DILI. Liver injury remains
the most common cause of clinical trial termination and a
main cause of postmarketing drug withdrawals. DILI may
occur in a dose-dependent way, yet the majority of cases are
idiosyncratic and dose independent. The precise incidence
of DILI is difficult to determine and is estimated to range
from 1/10,000 to 1/1,000,000 prescription-years [2]. A recent
population based study from Iceland demonstrated an annual
incidence rate of 19 cases per 100,000 inhabitants, with a
single prescription medication being the cause for DILI in
75% of the cases [3].

Nonalcoholic fatty liver disease (NAFLD) is recognized
as a leading cause of liver disease in the western world
and has increased in frequency over recent decades [4]. The

prevalence of NAFLD ranges from 20 to 30% in the general
population, depending on diagnostic criteria and the specific
definition applied, with rates exceeding 50% in diabetic and
obese patients [4–6]. NAFLD includes a spectrumof liver dis-
eases ranging from simple hepatic steatosis to nonalcoholic
steatohepatitis (NASH), liver cirrhosis, and hepatocellular
carcinoma (HCC) [7]. Drug induced steatosis (DIS) or steato-
hepatitis (DISH) is a rare form of DILI with fewer than 2% of
all cases of NASH attributed to drugs [8]. Grieco et al. divided
drugs capable of inducing steatosis and steatohepatitis into
three groups: drugs that induce metabolic changes and can
precipitate latent NASH (e.g., tamoxifen), drugs that cause
steatosis and steatohepatitis independently (e.g., amiodarone,
perhexiline maleate), and drugs that induce sporadic events
of steatosis/steatohepatitis (e.g., carbamazepine) [8].

2. Diagnosis of DILI

The diagnosis of DILI is challenging largely due to the fact
that it remains a clinical diagnosis of exclusion. A reliable
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diagnosis requires demonstration of close correlation
between the patient history and clinical, laboratory, and
histological data. The initial presentation is typically elevated
liver enzymes with or without jaundice, with a pattern that
may be hepatocellular, cholestatic, or mixed. The differential
diagnosis is wide including viral, autoimmune, metabolic,
and genetic disorders, and clinical presentation may range
from complete lack of symptoms to mild constitutional signs
(fever, fatigue, and right upper quadrant pain) to severe liver
injury and even fulminant hepatitis. The ability to reach a
definitive diagnosis is further complicated by the lack of
objective diagnostic tests and the extensive list of drugs
and herbal or dietary supplements that are recognized as
potential causes of DILI. Consequently, a meticulous patient
history and appropriate laboratory and imaging studies are
required in order to exclude other etiologies before a reliable
diagnosis of DILI can be established. A crucial element in
establishing a diagnosis of DILI is the temporal relationship
between drug exposure to development of liver injury
and resolution following discontinuation of the drug. The
manifestations of liver toxicity typically occur within days or
weeks but, in some cases, may appear after months or even
years of use andmay even occur after treatment with the drug
has been stopped. Moreover, liver enzyme elevations can
persist for several months after the drug was discontinued.

Several scoring systems were developed in an attempt
to standardize the process of causality assessment in DILI
such asThe Council for International Organizations of Med-
ical Sciences/Roussel Uclaf Causality Assessment Method
(CIOMS/RUCAM) scale [9, 10], the Naranjo Adverse Drug
Reactions Probability Scale (NADRPS) [11] and the Maria
and Victorino method [12]. The RUCAM scale is the most
commonly used and consists of information regarding the
type of enzymatic injury, known risk factors (e.g., age, alcohol
use, and pregnancy), exclusion of other causes of liver injury
(e.g., viral hepatitis, ischemia, underlying liver disease), and
a timeline consisting of disease onset, improvement after
withholding the drug, and rechallenge [9]. It is worth noting
that, on the basis of the RUCAM scale, DILI is most likely
to develop within 90 days of initiating treatment and show
improvement within 30 days of discontinuation; this is
frequently not the case in DIS/DISH as we refer to later in
regard to specific drugs.

3. Histological Patterns of NAFLD, NASH,
DIS, and DISH

The principal histological feature of hepatic steatosis is
defined as deposition of fat, principally triglycerides, within
the hepatocyte. A minimum of 5% steatosis is required for
histological definition of NAFLD. NASH is defined as the
presence of hepatic steatosis along with inflammation and
hepatocyte injury (ballooning), with or without fibrosis [13].
Several pathological classifications have been proposed for
NAFLD: Matteoni’s classification, Brunt’s classification, and
the NALFD activity score (NAS) [14–16].

Liver biopsy is not considered a routine part of the clinical
evaluation in cases of suspected DILI or NASH. However,

it may offer further information in an attempt to evaluate
a patient’s liver injury in clinically complex situations, as
well as defining the degree of injury. A correlation between
the histological pattern and history of suspected drug use
may strengthen the diagnosis of DILI based on formally
recognized injury patterns and may also help exclude other
potential etiologies of liver injury. The five most common
histological patterns observed in 83% of DILI cases are acute
and chronic hepatitis, acute and chronic cholestasis, and
mixed cholestatic hepatitis [17]. Steatohepatitis is a relatively
rare form of DILI; data from the Spanish group for the
study of drug induced liver disease noted that only 2 out
of the 110 cases with available liver histology showed a
predominant pattern defined as steatosis [18]; however, more
resent data from the Drug Induced Liver Injury Network
(DILIN) indicated that although this is rarely described as
the dominant pattern, 26% of cases showed some degree
of steatosis, with macrovesicular steatosis as the dominant
pattern in over 70% of the cases [17].

Many drugs may cause steatosis or steatohepatitis with
pathological features resembling those of alcoholic fatty liver
disease or NAFLD. The steatosis caused by drugs can be
further characterized based on the predominant steatotic
feature (Table 1).

Macrovesicular steatosis is described as the presence of
small to large lipid droplets in the hepatocyte cytoplasm,
with peripheral displacement of the cell nucleus [19–21].
This form of liver injury is often reversible; nevertheless,
over time it may evolve to steatohepatitis and even cirrhosis.
Macrovesicular steatosis is associated with excess alcohol
exposure and with treatment with glucocorticoids, total
parenteral nutrition (TPN) [22], methotrexate (MTX), and
amiodarone. Chemotherapy associated steatosis or seatohep-
atitis (CASH) related to 5-fluorouracil (5-FU), tamoxifen,
irinotecan (IRI), cisplatin, and asparaginase [23] may also
cause macrovesicular steatosis.

Steatohepatitis is characterized by steatosis, necroinflam-
mation, hepatocellular ballooning, with or without Mallory
hyaline bodies, and in some cases perisinusoidal fibrosis.
Drugs associated with steatohepatitis are amiodarone, MTX,
tamoxifen, and IRI.

Microvesicular steatosis presents as accumulation of
numerous very small droplets in the hepatocyte cytoplasm,
without peripheral displacement of the nucleus [20]. This
is a more severe form of liver injury, usually associated
with mitochondrial dysfunction and when extensive or
long lasting may be life threatening. Drugs associated with
microvesicular steatosis include valproic acid (VPA), tetracy-
cline (intravenous administration of high doses) [24], aspirin
(Reye’s syndrome) [25], nucleoside reverse transcriptase
inhibitors (NRTI), glucocoiticoids [26], nonsteroidal anti-
inflammatory drugs (NSAIDS) [27], and cocaine [28].

4. Mechanism of Drug Induced Steatosis
and Steatohepatitis

Hepatic steatosis is characterized by accumulation of intra-
hepatocytes triglycerides-esters derived from glycerol and
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Table 1: Main features of drug induced steatosis/steatohepatitis.

Macrovesicular steatosis
Alcohol
Amiodarone
Chemotherapy (5-fluorouracil, tamoxifen, irinotecan, cisplatin,
and asparaginase)
Glucocorticoids
Methotrexate
Total parenteral nutrition
Steatohepatitis
Amiodarone
Irinotecan
Methotrexate
Tamoxifen
Microvesicular steatosis
Aspirin (Reye syndrome)
Cocaine
Glucocorticoids
Nonsteroidal anti-inflammatory drugs (NSAIDS): ibuprofen
and naproxen
Nucleoside reverse transcriptase inhibitors (NRTI)
Tetracycline (Intravenous administration of high doses)
Valproic acid

free fatty acids (FFA). The increased content of liver FFA
may be caused by increased uptake (from peripheral tissue,
mainly adipose tissue, and to a lesser extent from dietary
sources), increased de novo lipogenesis within the hepato-
cytes, or reduced utilization either through𝛽-oxidation or via
secretion (Figure 1).

The process of lipogenesis, by which acetyl-CoA is con-
verted to fatty acids in the hepatocyte, is transcriptionally
regulated by themembrane-bound transcription factor sterol
regulatory element-binding protein-1c (SREBP-1c). SREBP-
1c activates genes required for lipogenesis such as ATP-
citrate lyase (ACL), acetyl-CoA carboxylase (ACC), fatty acid
synthase (FAS), and stearoyl-CoA desaturase (SCD). Per-
oxisome proliferator-activated receptors (PPARs) are other
major transcription factors that participate in regulation of
fatty acid homeostasis by downstream gene regulation of
targets responsible for lipid synthesis and oxidation [29, 30].
Increased hepatocyte lipogenesis is involved, at least in part,
in the mechanism leading to amiodarone and tamoxifen
hepatotoxicity [29, 31–34].

Another mechanism that may lead to increased hep-
atocyte FFA accumulation is decreased incorporation of
FFA into very low-density lipoprotein (VLDL) or attenuated
secretion of the latter. This mechanism was demonstrated in
tamoxifen-induced steatosis [29].The lipotoxic effectmay not
be merely a consequence of FFA accumulation but rather a
more complex mechanism involving the lipid metabolism in
hepatocytes as it appears that changes in non-high-density
lipoprotein cholesterolmay precede the onset ofNAFLD [35].

Mitochondria play a pivotal role in lipid metabolism and
ATP synthesis. As such they have been extensively investi-
gated as targets for DILI. Studies have shown that drugs such
as perhexiline, amiodarone, and tamoxifen can accumulate
in mitochondria and interfere with the mitochondrial elec-
tron transport chain and 𝛽-oxidation, subsequently causing
microvesicular steatosis and necrosis [36–38]. In fact, oxida-
tive stress and lipid peroxidation mediated by production of
reactive oxygen species (ROS) have been implicated as an
important cause of DILI [39–46]. The concept that lack of
antioxidant protection is involved in the progression of liver
injury resulting from advanced inflammation and fibrosis is
reinforced by studies demonstrating an ameliorating effect of
several antioxidants on DIS [47–50].

5. NASH and Hepatotoxicity

Steatosis is an exceedingly common finding in liver biopsies
and the possibility that NAFLD and not DIS is the cause
of an underlying liver disease should always be considered
in the context of the specific patient [19]. Features of the
metabolic syndrome (MS) such as diabetes, insulin resis-
tance, dyslipidemia, and obesity are closely related to the
development of NAFLD [4]. It may be hypothesized that
drugs such as glucocorticoids, tamoxifen, or VPA, that have
metabolic effects and are known to induce weight gain,
insulin resistance, and dyslipidemia, may precipitate steatosis
through traditional NAFLD risk factors and not by direct
hepatotoxicity [51–53].

The current concept of NAFLD and NASH is of a clinical
spectrum of disease, resulting from a “multiple-hit” process
[54, 55]. The mechanisms involved in the progression of
simple steatosis to NASH are complex [56], preexisting
hepatic steatosis may render the hepatocytes vulnerable to
drug induced injury, and DIS may aggravate preexisting
liver fat. For instance, recent data suggests that the steatotic
liver is susceptible to oxidative stress induced by certain
drugs [57].Moreover, it appears that NASH causes significant
changes in hepaticmetabolism of drugs due to alternations in
hepatic drug transporters and changes in drug pharmacology
and pharmacokinetics, thus affecting their safety [58]. For
example, it was shown that induction of NASH in rats leads to
changes in expression and function of ATP-binding cassette
(ABC) transporters responsible for the disposition of drugs,
causing elevated expression of Abcc1-4, Abcb1, and Abcg2
transporters and mislocalization of Abcc2 and Abcb1 to the
membrane thus rendering hepatocytes more susceptible to
hepatocellular damage after administration of MTX [59].
Finally, assessment of genome-wide mRNA expression of
genes responsible for drug metabolism and distribution in
samples of human liver tissue revealed changes in global
drug transport gene expression associated with progression
from steatosis toNASH, suggesting that drugmetabolism and
toxicity may be altered in this disease [60].

The number of drugs associated with liver lipotoxicity is
large. In the following section we describe several key drugs
for which the evidence of steatosis induction is stronger and
themechanism of injury has been at least partially elucidated.
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Figure 1: Mechanism of drug induced hepatic steatosis/steatohepatitis. ATP-citrate lyase (ACL), acetyl-CoA carboxylase (ACC), fatty acid
synthase (FAS), long-chain fatty acyl elongase (LCE), stearoyl-CoA desaturase (SCD), sterol regulatory element-binding protein-1c (SREBP-
1c), apolipoprotein B (ApoB), triglyceride transfer protein (MTP), very-low-density lipoprotein (VLDL), carnitine-palmitoyl-transferase I
(CPT I), tricarboxylic acid cycle (TCA cycle), electron transport chain (ETC), reactive oxygen species (ROS), nucleoside reverse transcriptase
inhibitors (NRTI), valproic acid (VPA), methotrexate (MTX), 5-fluorouracil (5-FU), and irinotecan (IRI).

6. Antiarrhythmic Drugs

6.1. Amiodarone. Amiodarone chlorhydrate is a di-iodinated
benzofuran derivative, class III antiarrhythmic drug, used
for both ventricular and atrial arrhythmias. Amiodarone is
associated with many adverse effects, such as thyroid dys-
function, corneal microdeposits, optic neuropathy, periph-
eral neuropathy, and pulmonary and hepatic toxicities [61].

Amiodarone hepatotoxicity usually occurs in two distinct
clinical settings: the rapid intravenous infusion in acute
settings, and the long-term chronic oral therapy. In the case of
severe acute hepatitis following introduction of intravenous
amiodarone, liver enzyme abnormalities occur within hours
to days of treatment initiation and although most published
cases were reversible after discontinuation of the treatment,
acute liver failure and death have been reported. In some
cases, a rechallenge with oral amiodarone was successful,
leading some authors to ascribe the acute reaction to the
effect of polysorbate 80 used as a solvent in the intravenous
preparation [62–67].

With chronic amiodarone therapy, asymptomatic eleva-
tion of aminotransferases, usually up to 3 times the upper
limit of normal (ULN), was reported in up to half of the
patients, although in more recent studies the numbers are
considerably lower [61, 68–71]. The latent period may vary
from several weeks to a few years and inmore than 90% of the
patients it is over 90 days and although liver injury is usually

reversible it may take weeks or even months for enzymes
to normalize [71, 72]. Practice guidelines from the North
American Society of Pacing and Electrophysiology/Heart
Rhythm Society (NASPE/HRS) recommend measuring liver
enzymes prior to initiation of treatment and repeated semi-
annual surveillance [73]. There is no data with regard to
the progression of hepatic injury with continued therapy
in patients with mildly elevated liver enzymes; however, a
recent study showed that patients withmild aminotransferase
elevation at baseline did not show a progressive rise in liver
enzymes after a mean follow-up of 2 years of therapy [74].

Symptomatic hepatic dysfunction may occur in 1–3% of
patients using amiodarone [61, 68–70]. In these steatosis
cases, both macrovesicular and microvesicular are the most
common pathological features. Steatohepatitis, hepatocytes
ballooning, Mallory bodies, and fibrosis are also common.
Other changes included nuclear unrest, acidophilic bodies,
foam cells, glycogenated nuclei, and portal inflammation
[75]. Amiodarone induced hepatic cirrhosis is also well
documented [72, 76]. Unlike most other cases of DILI, liver
damage may progress despite discontinuation of the drug
[77]. Case reports of microvesicular steatosis and hepato-
cellular necrosis resembling Reye’s syndrome have also been
described [78] and rarely a granulomatous injury patternmay
be observed [79].

Several mechanisms account for potential liver injury
following amiodarone use. In this population of patients
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liver enzymes abnormality may be due to right-sided heart
failure, MS, NASH, and other drugs [80]; however, a recent
retrospective study concluded that the presence of MS or
right-sided heart failure does not increase the incidence of
amiodarone hepatotoxicity [70].

Amiodarone and its principal lipophilic metabolite,
desethylamiodarone, are highly concentrated in the liver in
a manner that appears to be related more closely to the total
dose rather than to plasma concentrations [81]. On comput-
erized tomography (CT) scans the iodine content of the drug
causes significant increase in hepatic density; however, the
clinical significance of this finding is questionable [80, 82].
Hepatic storage of amiodrone may cause phospholipidosis
with a characteristic histopathological appearance of intracel-
lular lamellar inclusion bodies formed by excessive accumu-
lation of phospholipids [33]; this appears to be a generalized
systemic effect of cationic amphiphilic compounds, indepen-
dent from hepatic injury or steatohepatitis [75], and may
result from direct inhibition of phospholipase or from the
formation of nondegradable drug-phospholipid complexes
[80]. Amiodarone induced phospholipidosis may also be
explained by an indirect mechanism of upregulation of the
fatty acid biosynthesis-related gene SCD, causing enhanced
synthesis of phospholipids, and overexpression of lanosterol
synthase (LSS), associated with cholesterol synthesis [33].

In animal models the hepatotoxic effect of amoidarone
appears to be dose-dependent and consistent with increased
production of cholesterol and accumulation of triglyc-
erides in hepatocytes. In mouse studies, several genes were
found to be regulated by amiodarone. Target enrichment
of two nuclear receptors, androgen receptor and HNF4𝛼,
was observed, resulting in the increase of lipids in the
liver. With amiodarone treatment, both PPAR𝛼 and PPAR𝛾
targets were enriched suggesting a constant competition
between increased lipid synthesis and the counter response
of increased fatty acid oxidation [32]. In vitro study in
human hepatoma HepaRG cells exposed to amiodarone
resulted in vesicular steatosis characterized by an excessive
accumulation of triglycerides together with the appearance of
Oil RedO-stained lipid vesicles and overexpression of several
genes involved in lipogenesis (SREBP1, FAS, and ACL) and
droplet formation [33].

Another important mechanism, indicated by the mi-
crovesicular injury pattern, is mitochondrial dysfunction;
indeed, amiodarone and its metabolite are concentrated in
the hepatic mitochondria and have been shown to inhibit
electron transport and uncoupled oxidative phosphorylation.
In animal models amiodarone caused decreased mitochon-
drial 𝛽-oxidation and increased production of ROS. Thus,
hepatotoxicity associated with amiodarone can at least, in
part, be explained bymitochondrial𝛽-oxidation of fatty acids
and the subsequent production of microvesicular steatosis
and induction of apoptosis and necrosis [36, 83].

6.2. Dronedarone. Dronedarone (Multaq), a new class III
antiarrhythmic agent, is a noniodinated amiodarone deriva-
tive associated with fewer adverse effects and reduced toxicity
[84]. Reports on the hepatotoxic effects of dronedarone have

been controversial with abnormal liver function rates ranging
from 0.5% to 12% in early clinical trials [85, 86]. Recently
two cases of dronedarone induced acute liver failure requiring
liver transplantation, occurring 4.5 and 6 months after ther-
apy initiation, were reported, resulting in the US Food and
Drug Administration recommendation for monitoring liver
function parameters [87].

As in the case of amiodarone, inhibition ofmitochondrial
𝛽-oxidation is a pivotal mechanism of dronedarone induced
hepatotoxicity. In an in vivo study comparing mechanisms of
hepatotoxicity of dronedarone and amiodarone, Felser et al.
found that both caused cytotoxicity and apoptosis, in addition
to reduced cellular ATP content compatible with impaired
mitochondrial function. Both drugs caused uncoupling and
inhibition of the mitochondrial respiratory chain and inhibi-
tion ofmitochondrial𝛽-oxidation leading to accumulation of
ROS and intracellular lipids [88]. Interestingly, mice exposed
to dronedarone demonstrated impairment of mitochondrial
𝛽-oxidation resulting from reduced activity of carnitine
palmitoyltransferase I (CPT I) in liver mitochondria, without
effecting the activity of the respiratory chain ex vivo [89].

7. Methotrexate

Methotrexate is a folate antagonist that is used in the
treatment of malignancies and autoimmune diseases. While
treatment of malignancies may involve administration of
high dose (≥500mg/m2) to low dose (<50mg/m2) MTX
over a short time period, treatment of autoimmune diseases
usually involves low doses of MTX over long periods of
time. The mechanism of action may differ according to
the treatment dose. MTX competitively inhibits the enzyme
dihydrofolate reductase (DHFR) interfering with purine and
pyrimidine biosynthesis and consequently decreasing DNA
and RNA synthesis.

MTX liver dysfunction is mostly associated with its
chronic use in inflammatory disease, although acute hepati-
tis following high dose administration has been described
[90]. Minor to moderate aminotransferase elevations were
described in up to 50% of patients receiving chronic MTX
therapy [21, 91]; however, recent studies have described a
lower incidence of 6–24% [92–96]. Liver enzyme abnor-
malities under MTX treatment do not necessarily repre-
sent significant liver toxicity as they usually resolve with
dose modification or drug discontinuation and may even
normalize during the course of therapy [93]. Moreover,
it was previously reported that 70–88% of patients that
undergo liver biopsy exhibit normal histology or mild fatty
changes [93, 97].The estimated incidence of advanced patho-
logic changes, that is, significant fibrosis or cirrhosis, is 4-
5% [97, 98]. The population burden of end-stage MTX-
related liver disease is exceedingly small as it accounts for
only 0.07% of liver transplantations in the United States
[99].

The histological features of MTX induced liver injury
consist of fatty changes of varying degrees, nuclear pleo-
morphism, hepatocyte necrosis, portal chronic inflammatory
infiltrate, fibrosis that is typically pericellular and perivenular
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Figure 2: Liver histology of a patient with MTX induced hepato-
toxicity demonstrating macro and microvesicular steatosis, hepa-
tocellular ballooning, and Mallory hyaline bodies. H&E, original
magnification ×400 (image courtesy of Dr. Eli Brazovsky, Tel-Aviv
Medical Center, Israel).

in early lesionswith subsequent development of fibrous septa,
and cirrhosis (Figure 2) [100].

Several risk factors have been associated with MTX
induced hepatotoxicity including preexisting liver disease
such as NAFLD, chronic hepatitis B or C (HBV, HCV),
alcohol consumption, obesity, total cholesterol, and diabetes
[92, 97].

The underlying mechanism of MTX hepatotoxicity is
not fully understood. Oxidative stress has been implicated
as an important cause through both increased production
of ROS and decreased defense mechanisms. In vivo studies
have demonstrated an increase of reactive oxygenmetabolites
such as myeloperoxidase (MPO), lipid peroxidation product
malondialdehyde (MDA), and thiobarbituric acid reactive
substances (TBARS) following MTX administration. Fur-
thermore, a reduction in the levels of the antioxidant glu-
tathione (GSH) was also demonstrated. However, increased
levels of antioxidant enzymes such as catalase (CAT) and
glutathione-S-transferase (GST)may suggest a possible adap-
tive mechanism of the liver [39–42]. In a murine model
of steatosis following high-dose MTX exposure, the MTX-
responsive genes were predominantly associated with the
unfolded protein response and biosynthesis, catabolism, and
transport of lipids and fatty acids [101].

8. Tamoxifen

Tamoxifen is a selective estrogen receptormodulator (SERM)
with both agonist and antagonist effect in different tissues.
Tamoxifen induced hepatotocixity manifesting as elevated
liver enzymes may be found in up to 43% of the patients;
however, normalization of liver enzymes is usually complete
within 6months of treatment discontinuation [51, 57]. Several
forms of hepatotoxicity have been described in relationship
with tamoxifen; however, its association with fatty liver is
the most commonly encountered. Common findings in liver
biopsies are mild to moderate steatohepatitis, macrovesic-
ular steatosis, and rarely cirrhosis [51]. In a study of 1,105
breast cancer patients, NASH was documented in 2.2%
with tamoxifen treatment increasing the odds of developing

NASH by 8.2-fold [102]. In another study of 105 breast
cancer patients treated with tamoxifen, hepatic steatosis was
recognized in the majority of patients within the first 2 years
of receiving adjuvant tamoxifen, with only half of the patients
having increased transaminase levels [103]. In a prospective,
randomized, double blind, placebo-controlled trial of 5,408
healthy women who underwent hysterectomies and were
treated with tamoxifen chemoprevention, the hazard ratio for
developing NASH was 2.0 compared with placebo, although
the overall number of patients with NASH was considerably
smaller in comparison with other reports (2%). Interestingly,
the increases in NASH attributable to tamoxifen occurred in
the first 2 years of therapy [57].

Factors associated with the development of tamoxifen
induced liver injury are shared with traditional NAFLD risk
factors and include glucose intolerance and diabetes, obesity,
hyperlipidemia, and hypertension [51]. Genetic functional
polymorphismmay also influence individual susceptibility as
in the case of cytochrome P450c17 [104].

In vitro HepG2 human hepatoma cell line treated
with tamoxifen showed induced hepatocyte steatosis and
increased hepatocyte triglyceride concentration. A possible
mechanism of tamoxifen induced hepatic steatosis was via
enhancement of fatty acid synthesis through the upregulation
of SREBP-1c and its downstream lipogenesis target genes.
Furthermore triglyceride accumulation stimulated microso-
mal triglyceride transfer protein (MTP) expression that was
associated with VLDL assembly and secretion [29]. In vivo
models also support these findings, demonstrating de novo
fatty acid synthesis as the primary event leading to tamoxifen
induced steatosis [31, 34].

The role of the mitochondria in tamoxifen induced
hapatotoxicity is controversial. Rodent studies have indicated
that tamoxifen accumulates inmitochondria where it impairs
𝛽-oxidation and respiration in part by inhibiting CPT I, the
rate-limiting enzyme ofmitochondrial fatty acid𝛽-oxidation,
and also inhibits topoisomerases thus progressively depleting
hepaticmitochondrial DNA [37]. In contrast, in vitro study of
HepG2 cells failed to demonstrate an effect of tamoxifen on
the expression of CPT I [29]. Likewise, other murine models
have also shown triglycerol secretion and fatty acid oxidation
unaffected by tamoxifen [31, 34]. Oxidative stress appears to
play a role in tamoxifen inducedhepatotoxicity. Studies in rats
exposed to tamoxifen resulted in depletion of liver reduced
GSH and accumulation of oxidized glutathione and lipid
peroxidation and also induced inhibition of hepatic activity
of glutathione reductase (GR), glutathione peroxidase (GPx),
superoxide dismutase (SOD), and CAT [43, 44].

9. Valproic Acid

Valproic acid (2-n-propylpentanoic acid) is widely used
as a broad-spectrum antiepileptic drug. A wide range of
adverse effects have been reported in connection with VPA,
among which its potential hepatotoxicity is a major concern.
Serum aminotransferases are commonly elevated in up to
44% of patients on VPA therapy; however, this elevation
is generally mild (1–3x ULN) and does not involve a rise
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in serum bilirubin. Patients are mostly asymptomatic or
suffer mild symptoms (malaise, lethargy, and anorexia). This
presentation of VPA hepatotoxicity is frequently transient
and resolves with dose reduction or drug discontinuation
[105]. Incidence of fatal hepatotoxicity is relatively low and
was reported between 1/37,000 and 1/5,000 cases, with the
highest incidence found among children up to two years of
age and with comedication [106–108]. This form of acute
idiosyncratic liver injury is characterized by microvesicular
steatosis and cell necrosis of varying degree. In general
VPA-associated idiosyncratic hepatotoxicity has a delayed
onset from weeks to months, and in some cases even years,
following initial exposure [107, 109, 110].

In recent years the association between VPA treatment
andNAFLDhas been further studied and it is well recognized
that long-term use of this drug can induce features of the
MS consistent of substantial weight gain, insulin resistance,
and lipid abnormalities [111]. Hepatic steatosis was reported
in 61% of patients treated with VPA, based on abdomi-
nal ultrasound imaging [112]. Therefore, a possible mecha-
nism of VPA induced steatosis could be via its metabolic
effect promoting or worsening NAFLD and giving rise to
macrovesicular steatosis and steatohepatitis [52, 53]. This
notion is also supported by results from a rat model of high-
fat diet and VPA administration, demonstrating increased
hepatic steatosis and hepatotoxicity, as well as exacerbation
of VPA-induced impairment of mitochondrial 𝛽-oxidation
[113].

Other mechanisms of VPA induced hepatic steatosis are
possibly related to the drug’s metabolism, as VPA is pri-
marily metabolized in the liver. One of the major metabolic
pathways, accounting for 30–50% of VPA metabolism, is
conjugation, predominantly with glucuronic acid but also
other minor conjugation reactions with glutathione, car-
nitine, coenzyme A, and other amino acids, while the
other main metabolic pathway is mitochondrial oxidative
reactions, especially 𝛽-oxidation, which typically accounts
for about 40% of its metabolism [109]. As in other con-
ditions characterized by microvesicular steatosis, it appears
that interfering with fatty acids mitochondrial 𝛽-oxidation
plays a key role in VPA induced hepatic toxicity. The two
main mechanisms involve mitochondrial dysfunction and
oxidative stress. Formation of valproyl-CoA causes depletion
of intramitochondrial CoA affecting fatty acid 𝛽-oxidation,
impairment of ATP production, and inhibition of CPT1 as
well as depletion of carnitine stores [114, 115]. An in vivo study
of isolated rat hepatocytes showed that VPA induces signifi-
cant increase in mitochondrial ROS production, disruption
in electron transfer chain, and increase in lipid peroxida-
tion, together with decreased levels of reduced glutathione.
The induction of mitochondrial swelling, mitochondrial
membrane potential collapse, and release of cytochrome c
suggests that VPA may directly cause mitochondrial damage
and activate the intrinsic death-signaling pathway [45, 46].
Interestingly, it was recently reported that administration of
VPA results in a marked decrease in stellate cell activation,
a pivotal step in the pathogenesis of liver fibrosis, and
collagen deposition in both in vitro and in vivo mice models
[116].

10. Nucleoside Reverse Transcriptase
Inhibitors

Antiretroviral therapy (ART) has markedly increased life
expectancy in patients with the human immunodeficiency
virus (HIV). ART regimens usually consist of NRTIs, usually
as paired agents, with at least one other antiretroviral drug
with a different mechanism of action such as a protease
inhibitor (PI), and/or a nonnucleoside reverse transcriptase
inhibitor (NNRTI).

Elevated liver enzymes are common among HIV patients
receiving ART with an estimated prevalence of 20–40%. In
patients with HBV/HCV coinfection it can be above 60%,
with severe hepatotoxicity in about 10% of the patients [117].
All antiretroviral drugs have some risk of hepatotoxicity
with each drug class associated with a characteristic pattern
of injury, among which NRTIs have been most commonly
associated with hepatic steatosis [118]. NRTIs include zidovu-
dine (AZT), didanosine (ddI), stavudine (d4T), lamivudine
(3TC), emtricitabine (FTC), abacavir (ABC), zalcitabine
(ddC) which is no longer licensed, and tenofovir (TDF) [119].
In two large cross-sectional studies of monoinfected HIV
patients receiving ART, the prevalence of NAFLD diagnosed
by ultrasound or CT scan was 31–37%; risk factors associated
with steatosis were increased transaminases, male sex, high
bodymass index (BMI) and waist circumference, serum lipid
abnormalities, and NRTI exposure [120, 121].

Steatohepatits related toART results frommultiplemech-
anisms. The occurrence of NAFLD among these patients
may be attributed to metabolic abnormalities commonly
found among HIV patients receiving ART, in particular
NRTI-PI combinations, and include subcutaneous lipoat-
rophy and accumulation of central fat, dyslipidemia, and
insulin resistance [122]. Other mechanisms result from
direct drug hepatotoxicity. NRTI interfere with viral reverse
transcriptase enzyme activity but can also inhibit human
DNA polymerase 𝛾, the enzyme responsible for the repli-
cation of mitochondrial DNA (mtDNA); impairment of
mitochondrial function causes the release of cellular lactate
and defective liver fatty acid 𝛽-oxidation and may result
in a spectrum of injuries ranging from potentially fatal
hepatotoxicity and lactic acidosis to various degrees of
hepatic marcovesicular and microvesicular steatosis [123,
124]. Mitochondrial injury was confirmed by ultrastructural
studies with electron microscopy demonstrating mitochon-
drial abnormalities and an associated decreased expres-
sion of cytochrome oxidase (COX) subunits I, encoded
by mtDNA [125, 126]. Another suggested mechanism of
mitochondrial injury is inhibition of hepatocyte autophagic
activity, demonstrated by in vivo exposure of hepatocytes
to thymidine analogues zidovudine (ZDV) and d4T, leading
to accumulation of dysfunctional mitochondria, increased
ROS production, increased apoptosis, decreased prolifera-
tion, and increased intracellular lipid accumulation [127].
Hepatocyte lipid accumulation may also be a result of
an alternative mtDNA-independent mechanism as demon-
strated by in vivo study ofmurine hepatocytes exposed to d4T
showing increased expression of SREBP-1c and reduction
of MTP involved in lipid export and fatty acid oxidation
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inhibition without mtDNA depletion and lactate production
[128].

11. Chemotherapy

Regimens containing FOLFOX (5-FU + folinic acid +
oxaliplatin) and FOLFIRI (5-FU + folinic acid + IRI) are
commonly used treatments for colorectal cancer [129].
Chemotherapy treatment is associated with histopathological
liver changes, specifically sinusoidal obstruction syndrome
associated with oxaliplatin, steatosis related to 5-FU, and
CASH most commonly associated with IRI [130].

5-FU is a fluoropyrimidine antimetabolite that causes
irreversible inhibition of thymidylate synthase. Although
little is known about the mechanisms of hepatotoxicity
associated with 5-FU, it is well recognized that mild and
reversible hepatic enzymes abnormalities are common in
patients treated with 5-FU and may be found in up to 40% of
the patients [131]. Studies have shown that increased hepatic
fat content may be found in 35–47% of patients receiving
5-FU, without correlation to chemotherapy dose or liver
function tests [132, 133]. Predisposition to the development of
steatosismay be associatedwith individual patient expression
of genes involved in 5-FU metabolism, such as low level of
dihydropyrimidine dehydrogenase (DPD)mRNA expression
[134]. It has been suggested that other catabolites produced
by DPD, such as fluoro-beta-alanine, remain in hepatocytes
long after cessation of therapy and may saturate metabolic
pathways reducing overall capacity to metabolize drugs and
fat, leading to accumulation of intracellular lipids [135].
Furthermore it has been suggested that 5-FU is associated
with collapse of the mitochondrial membrane leading to
impaired 𝛽-oxidation and production of ROS [135].

IRI is a topoisomerase-1 inhibitor and a very active anti-
neoplastic drug. Its use is associated with 5 times increased
risk of CASH, found in 20% of treated patients, and 10
times increased 90-day mortality, specifically death from
postoperative hepatic failure [130]. It has been suggested
that mitochondrial DNA contains topoisomerase-1 highly
homologous to the nuclear gene [136], which might serve as
a target for IRI, causing mitochondrial dysfunction [135].

Other metabolic risk factors may play an important
role in the development of steatosis or steatohepatitis in
these patients, both as an underling condition or as part of
the “multiple-hit” process. This notion is strengthened by
findings of 208 patients with colorectal liver metastasis that
underwent resection in whom BMI was the strongest pre-
dictor of steatosis and steatohepatitis, independent of the use
of preoperative chemotherapy. Furthermore, among patients
receiving preoperative chemotherapy, BMI was a predictor
of chemotherapy liver injury with a 39% rate of steatosis
or steatohepatitis among obese patients [137]. Interestingly,
an analysis of 5853 patients undergoing liver resection for
colorectal cancer without preoperative chemotherapy found
a paradoxical advantage in overall survival and cancer-
specific survival in patients with steatosis compared to those
categorized as having “normal” liver, suggesting that excess
body adiposity may have a survival protective effect [138].

The data regarding the prognostic effect of chemo-
therapy-induced steatosis or steatohepatitis is conflicting.
While some studies have demonstrated reduced survival in
patients with CASH [130], others challenge this perception
demonstrating that preoperative chemotherapy-induced
steatosis has no influence on overall or cancer-specific
survival [139]. This issue is probably more complicated and
depends on the ability to differentiate between different
types of liver injury as demonstrated in an analysis of 119
patients where postoperative morbidity was associated with
histological findings of parenchymal liver inflammation and
steatohepatitis but not with isolated steatosis [140].

12. Summary

Hepatic steatosis is a rare form of DILI. DIS/DISH may
present as macrovesicular steatosis, microvesicular steatosis,
and steatohepatitis depending on the particular mechanism
of a specific lipotoxic drug and may show variable latency
prior to the occurrence of a clinically apparent injury. The
pathogenesis of DISH from most drugs is complex involving
major biological pathways of hepatocyte lipid metabolism.
The relationship between DIS and “primary” NAFLD is of
particular importance, as some drugs (such as glucocorti-
coids, tamoxifen, and VPA) clearly precipitate the induction
of traditional NAFLD risk factors via their metabolic effect,
while on the other hand it appears that preexisting steatosis
may render the hepatocytes vulnerable to drug insults, may
alter hepatic drugmetabolism, andmay eventually exacerbate
existing damage.

The diagnosis of DIS/DISH requires a high index of
suspicion because it represents a rare cause of steatosis. Thus
a patient with DISHmay erroneously be diagnosed as having
“primary” NAFLD.

The potential reversibility of the initial liver injury, pre-
venting the development of severe liver injury and ultimately
liver fibrosis, underlines the importance of early recognition
of this unique hepatotoxic effect. Better understanding of the
molecular mechanisms involved and potential risk factors, as
well as the intricate relationship with metabolic NAFLD, may
offer potential clues in identifying patients more susceptible
to this type of drug injury and better understanding of the
mechanisms leading to metabolic steatohepatitis.
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liver injury after chronic oral amiodarone intake,”Pharmacoepi-
demiology and Drug Safety, vol. 18, no. 4, pp. 291–300, 2009.

[72] K. Raja, S. N. Thung, M. I. Fiel, and C. Chang, “Drug-
induced steatohepatitis leading to cirrhosis: long-term toxicity
of amiodarone use,” Seminars in Liver Disease, vol. 29, no. 4, pp.
423–428, 2009.

[73] N.Goldschlager, A. E. Epstein,G.V.Naccarelli et al., “Apractical
guide for clinicians who treat patients with amiodarone: 2007,”
Heart Rhythm, vol. 4, no. 9, pp. 1250–1259, 2007.

[74] L. C. C. Kum, W. W. L. Chan, H. H. Y. Hui et al., “Prevalence of
amiodarone-related hepatotoxicity in 720Chinese patients with
or without baseline liver dysfunction,” Clinical Cardiology, vol.
29, no. 7, pp. 295–299, 2006.



12 BioMed Research International

[75] J. H. Lewis, F.Mullick, K. G. Ishak et al., “Histopathologic analy-
sis of suspected amiodarone hepatotoxicity,”Human Pathology,
vol. 21, no. 1, pp. 59–57, 1990.

[76] S. R. Puli, M. A. Fraley, V. Puli, A. B. Kuperman, and M. A.
Alpert, “Hepatic cirrhosis caused by low-dose oral amiodarone
therapy,”The American Journal of the Medical Sciences, vol. 330,
no. 5, pp. 257–261, 2005.

[77] C.-C. Chang, M. Petrelli, J. F. Tomashefski Jr., and A. J. McCul-
lough, “Severe intrahepatic cholestasis caused by amiodarone
toxicity after withdrawal of the drug: a case report and review
of the literature,”Archives of Pathology and LaboratoryMedicine,
vol. 123, no. 3, pp. 251–256, 1999.

[78] D. B. Jones, F. G. Mullick, J. H. Hoofnagle, and B. Baranski,
“Reye’s syndrome-like illness in a patient receiving amio-
darone,” The American Journal of Gastroenterology, vol. 83, no.
9, pp. 967–969, 1988.

[79] B. Rigas, L. E. Rosenfeld, K.W. Barwick et al., “Amiodarone hep-
atotoxicity. A clinicopathologic study of five patients,” Annals of
Internal Medicine, vol. 104, no. 3, pp. 348–351, 1986.

[80] G. C. Farrell, “Drugs and steatohepatitis,” Seminars in Liver
Disease, vol. 22, no. 2, pp. 185–194, 2002.

[81] J. F. Brien, S. Jimmo, F. J. Brennan, S. E. Ford, and P. W.
Armstrong, “Distribution of amiodarone and its metabolite,
desethylamiodarone, in human tissues,” Canadian Journal of
Physiology and Pharmacology, vol. 65, no. 3, pp. 360–364, 1987.

[82] J. Markos, M. E. Veronese, M. R. Nicholson, S. McLean, and
J. E. Shevland, “Value of hepatic computerized tomographic
scanning during amiodarone therapy,”The American Journal of
Cardiology, vol. 56, no. 1, pp. 89–92, 1985.

[83] P. Kaufmann, M. Török, A. Hänni, P. Roberts, R. Gasser, and S.
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Background.Nonalcoholic fatty liver disease (NAFLD) is one of the complications of themetabolic syndrome. It encompasses awide
range of disease spectrum from simple steatosis to liver cirrhosis. Structural alteration of hepaticmitochondriamight be involved in
the pathogenesis of NAFLD.Aims. In the present study, we used a newly establishedmodel of fructose-inducedmetabolic syndrome
inmaleWistar rats in order to investigate the ultrastructural changes in hepaticmitochondria that occur with fructose consumption
and their association with NAFLD pathogenesis.Methods.The concentration of fructose-drinking water (FDW) used in this study
was 20%. Six male Wistar rats were supplemented with FDW 20% for eight weeks. Body composition and metabolic parameters
were measured before and after 8 weeks of FDW 20%. Histomorphology of the liver was evaluated and ultrastructural changes of
mitochondria were assessed with transmission electron micrograph. Results. After 8 weeks of fructose consumption, the animals
developed several features of the metabolic syndrome. Moreover, fructose consumption led to the development of macrovesicular
hepatic steatosis and mitochondrial ultrastructural changes, such as increase in mitochondrial size, disruption of the cristae, and
reduction of matrix density. Conclusion.We conclude that in male Wistar rat 8-week consumption of FDW 20% leads to NAFLD
likely via mitochondrial structural alteration.

1. Introduction

Obesity and fatty liver diseases are global health problems
which involve not only adults but also children [1]. Usually,
fatty liver disease is caused by consumption of alcohol.
Hence, it is called alcoholic fatty liver disease (AFLD).
However, causes not related to alcohol consumption which
may cause fatty liver disease are obesity, diabetes mellitus
type II, dyslipidemia, and hypertension, and it is known as
nonalcoholic fatty liver disease (NAFLD) [1]. All these causes
for NAFLD are also components of the metabolic syndrome.
Hence, NAFLD is a manifestation of metabolic syndrome [1].
The risk of NAFLD is increased by 62% in an individual with
newly diagnosed diabetes mellitus and 43% in an individual

with impaired oral glucose tolerance test (OGTT) [2]. The
most common cause of liver disease is NAFLD [2]. In western
countries, approximately 20–30% of the populations suffer
fromNAFLD.AlthoughNAFLD is a benign condition, itmay
contribute to morbidity and mortality [2].

Alteration inmitochondria also known as “cellular power
plants” plays an important role in the pathogenesis of
NAFLD. It is an organelle involved in oxidation of lipid
and energy production from fat and glucose into adenosine
triphosphate (ATP) to be used by the cells. The hepatocytes’
cytoplasm contains numerous mitochondria, which repre-
sent approximately 18% of liver volume [3].

Dietary habits of the populations worldwide have
changed [4]. There has been an increase in consumption
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of soft drinks which has led to an increase in fructose
consumption and an increase in energy intake from 3.9%
to 9.2% in 2001 [5]. Various studies suggest that fructose
consumption is associatedwith the development ofmetabolic
syndrome [6–9]. Fructose stimulates hepatic lipogenesis and
synthesis of triglyceride [10]. Thus, consumption of fructose
for a long period leads to formation of macrovesicular and
microvesicular steatosis [11]. In animal models, consumption
of high carbohydrate and high fat diet for 16 weeks leads
to the development of metabolic syndrome and hepatic
steatosis [12]. A recent study has shown that in male Wistar
rats consumption of drinking water with 20% of fructose
for 8 weeks resulted in an increase in body weight and body
mass index and in the development of several features of
metabolic syndrome such as central obesity, dyslipidemia,
hypertension, and hyperglycemia [13]. This model of
metabolic syndrome induced by dietary modification is
similar to what happens in humans. Thus, in the present
study, we used a newly established model of fructose
induced metabolic syndrome to investigate the changes in
morphology of the hepatic mitochondria that occur with
fructose consumption and their role inNAFLDpathogenesis.
We hope that a better understanding of the pathogenesis of
NAFLD induced by fructose will help further investigations
in this field.

2. Materials and Methods

2.1. Physiological Measurements. The percentage of body
weight increment, body mass index (BMI), abdominal cir-
cumference, blood pressure, fasting plasma glucose, fasting
lipid profile, and abdominal adipose tissue were measured at
baseline and at the end of experiment study. The experiment
protocol was in accordance with an earlier study [13].

2.2. Animals and Diets. Twelve male Wistar rats (250–
300 grams) were obtained from the Animal House of
Universiti Kebangsaan Malaysia and used in this study.
The animals were housed in individual cages under con-
trol conditions of temperature (20–22∘C) and lighting (12
light/12 h dark). The rats were randomly divided into two
groups, the control group (C) and fructose-drinking water
group (F20). There were six rats in each experimental
group. Both groups were fed with normal rat chow diet;
however, they differ in water intake. Control group (C)
was administered tap water while the F20 group was
administered 20% fructose in the drinking water. The food
and water intake was given ad libitum for eight weeks.
All experimental procedures were performed according to
the regulations of the Animal Ethics Committee of Uni-
versiti Kebangsaan Malaysia (FP/ANAT/2012/FARIHAH/18-
JULY/453-JULY-2012-AUGUST-2013).

2.3. Preparation of Fructose-DrinkingWater. Thepreparation
of 20% fructose in the drinking water was similar to a past
study [13]. The fructose used was D-fructose >99% (Syarikat
System Malaysia).

2.4. Liver Enzymes. Blood samples were attained at baseline
and at end of the experiment via orbital vein in anaesthetized
rats. The samples of blood were put in a plain bottle. Then,
centrifugation was done at 3000 r.p.m. for 10 minutes at 4∘C.
The plasma samples were separated in the Eppendorf tube
and were sent to the Pathlab for blood biochemistry analysis
for aspartate transferase (AST) and alanine aminotransferase
(ALT).

2.5. Liver Weight. The rats were sacrificed by inhalation
of diethyl ether [14]. A longitudinal incision was done at
the ventral aspect of the body. The liver was removed and
dried with gauze before weighing. The weight of liver was
normalised to tibial length and expressed as milligram per
millimetre tibial length (mg/mm) [15].

2.6. Histology of Liver

2.6.1. Hematoxylin and Eosin. The liver tissues were imme-
diately fixed in 10% formalin for three days. These tissue
samples were processed using an automatic-tissue processing
machine and followed by embedding in paraffin wax. Thin
sections (5 𝜇m) were obtained and stained with hematoxylin
and eosin (H&E). Finally, the sections were mounted on
dibutyl phthalate in xylene (DPX). The slides were viewed
under light microscope at magnification ×20. Photomicro-
graphs of the liver sections were captured.

2.6.2. Oil Red O. The ORO staining was done by using
paraffin embedding samples [16]. The liver tissues were fixed
in 10% formalin for three days. These tissue samples were
processed using an automatic-tissue processing machine and
followed by embedding in paraffin wax.Thin sections (5 𝜇m)
were obtained andmounted on a glass slide. To detect neutral
lipid accumulation, sections were stained with Oil Red O for
15 minutes, counterstained with Mayer’s hemalum for 5 dips,
and coverslipped with a DPX. The slides were viewed under
light microscope at magnification ×20. Photomicrographs of
liver were taken.

2.6.3. Transmission Electron Microscope. The liver tissues
were immediately dissected into 1mm3 cubes and placed into
3% glutaraldehyde for 5 minutes at 4∘C. The samples then
werewashedwith PBS buffer 0.1M for three times, postfixed 2
hours at room temperature in 1% osmium tetroxide, blocked
for 1 hour in 3% uranyl acetate, dehydrated through graded
series of ethanol and acetone, infiltratedwith 100% resin for 12
hours, and embedded in the 100% resin beam capsule. Then,
the samples were polymerised in the 60∘C oven for 12 hours
before semithin sectionswere done at 500 nm. Following that,
the samples were stained with toluidine blue for 20 seconds
and were examined under light microscope to choose the
area needed for further ultrathin sectioning at 70–90𝜇m.The
ultrathin sections were then put in the grid and then stained
with uranyl acetate for 10 minutes and plumbum citrate for
5 minutes. Finally, the samples were viewed under electron
microscope for lipid inclusion in the hepatocytes cytoplasm
and morphology of mitochondria.
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Table 1: Effects of fructose-drinking water on metabolic variables in C and F20 groups for 8 weeks.

Variables C F20
Baseline 8 weeks Baseline 8 weeks

Body weight gain (%) — 36.12 ± 0.81 — 43.03 ± 0.76a

Body mass index (g/cm2) 0.64 ± 0.01 0.66 ± 0.02 0.64 ± 0.02 0.91 ± 0.02ab

Abdominal circumference (cm) 16.5 ± 0.26 18.3 ± 0.1 16.1 ± 0.40 22.9 ± 0.3ab

Total abdominal fat (mg/mm tibial length) — 196.72 ± 23.13 — 437.97 ± 27.08a

Plasma triglyceride (mmol/L) 0.70 ± 0.09 0.65 ± 0.08 0.78 ± 0.07 1.22 ± 0.14ab

Plasma total cholesterol (mmol/L) 1.5 ± 0.01 1.6 ± 0.1 1.5 ± 0.04 1.5 ± 0.1
Systolic blood pressure (mmHg) 103.3 ± 1.1 105.0 ± 1.8 101.3 ± 2.1 145.8 ± 1.5ab

Plasma glucose (mmol/L) 5.1 ± 0.4 6.4 ± 0.2 4.7 ± 0.4 8.1 ± 0.6ab

Values are mean ± SEM and 𝑛 = 6 for each group. Superscripts letters are significantly different. aA significant difference as compared to C group at 8 weeks.
bA significant difference within groups as compared to baseline.
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Figure 1: The bar graph of liver enzymes AST and ALT showed that there was no significant difference of the liver enzymes in between C
and F20 at day 56 and there was no significant difference within each group at baseline and day 56.

2.7. Statistical Analysis. All data were analysed using Sta-
tistical Package Social Sciences (SPSS) version 20 software
and were presented in mean ± SEM subjected to one-way
ANOVA. Value of 𝑃 < 0.05 was taken as significant.

3. Results

Table 1 shows the physiological changes in both groups. After
consumption of FDW 20% for eight weeks, the rats showed
significant differences in metabolic profile which fulfil the
criteria of metabolic syndrome. The rats in the F20 group
became obese as evidenced by an increase in body weight,
in BMI, in abdominal circumference, and in deposition of
abdominal adipose tissue. These rats also developed hyper-
tension, hyperglycemia, and hypertriglyceridemia.

The AST enzyme was slightly higher in F20 compared to
C group following consumption of FDW 20% for eight weeks
but there was no statistically significant difference. The ALT
enzymewas not increased at the end of the experiment in F20
group (Figure 1). Consumption of FDW 20% for eight weeks
resulted in minimal increment of liver weight, which was not
significantly different from the C group (Figure 2).

Figure 3 shows hepatic steatosis with evidence of depo-
sition of lipid vacuoles in the cytoplasm of hepatocyte after
consumption of FDW20% for eight weeks.The lipid vacuoles
were macrovesicular type as characterized by the presence of
single lipid vacuole. Majority of lipid vacuoles were arranged
either in singlet or in groups of 2-3 vacuoles. The nucleus
of the lipid vacuoles were pushed to the periphery; hence, it
gives an appearance of a signet ring. The depositions of the
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Figure 2: The bar graph of liver weight showed that there was no
significant difference of the weight of the liver in between C and F20.

lipid vacuoleswere greatest in zone III followed by zone II and
least in zone I.Therewas neither ballooning degeneration nor
inflammatory cells seen.

The mitochondria in F20 group showed ultrastructural
abnormalities associated with hepatic steatosis (Figure 4). In
the C group, the size of mitochondria ranged between 0.5
and 2 𝜇m. The cristae of the mitochondria were well defined
and arranged closely to one another. Mitochondrial matrix of
the C-group was denser compared to F20 group. In contrast,
in the F20 group, the mitochondria showed increase in size
which was between 2.5 and 3 𝜇m. The mitochondria cristae
were disrupted and sparse between one another and the
matrix was decreased in density or hypodense.

4. Discussion

Several criteria of the metabolic syndrome, such as central
obesity, hyperlipidemia, hypertension, and hyperglycemia,
developed after consumption of FDW 20%. These results are
in accordance with a previous study [13]. Following eight
weeks of consumption of FDW 20%, depositions of lipid vac-
uoles in the hepatocyte cytoplasmoccurred.Nevertheless, the
weight of the liver was not increased.Theways of distribution
of lipid vacuoles were responsible for explaining the reason
that contributed to the weight of the liver. Present study
showed that the lipid vacuoleswere distributed in hepatocytes
cytoplasm either singular or doublet. Furthermore, there
were no inflammatory cells seen.Thus, there were no changes
in the liver weight as the weights of the lipid vacuoles were
evenly distributed throughout the liver. In comparison with
earlier research, the liver weight was increased and there was
presence of inflammatory cells as well as the development
of fibrosis after consumption of high-fat, high-carbohydrate
(HFHC) diet for eight weeks in male Wistar rat [12]. We
hypothesized that the increase in the liver weight could be
attributed to the higher numbers of lipid vacuoles depositions

in the hepatocyte cytoplasm and the presence of fibrosis
that may have changed the consistency of the liver following
consumption of HFHC diet compared to FDW 20% only.

The divisions of liver zones are according to the liver
acinus classification because it relates to the liver structure
with the blood perfusion, metabolic activity, and pathology
of liver [3]. The lipid vacuoles were deposited mainly in zone
III followed by zone II and the least in zone I. Zone III showed
the highest lipid depositions because it was the farthest zone
from the portal vein. Thus, it is the last zone to receive blood
perfusion and nutrients from the portal vein. Liver steatosis
in obesity manifests as macrovesicular type and has signet
ring appearance [1]. The results of the present study are in
accordance with an earlier study which showed that the lipid
inclusions were ofmacrovesicular type where the nucleus was
pushed to the periphery and gave the characteristic of signet
ring cell appearance. In the microvesicular type, there are
multiple lipid vacuoles and the nucleus are centrally located
[17].

There are three enzymes produced by the hepatocytes,
namely, ALT, AST, and alkaline phosphates (ALP). In the
inflammation state of the liver, both the ALT and AST
enzymes are raised. However, the AST enzyme is not specific
for the liver as it is also been produced by the cardiac cells.
Thus, the present study did not measure the ALP enzyme.
This is due to the facts that ALP enzyme elevated in an
obstruction of biliary ducts such as in intrahepatic cholesta-
sis. The liver enzymes (AST and ALT) of the experiment
were measured at the end of the experiment. There was no
elevation of liver enzymes and this was consistent with the
histological finding that showed no inflammatory cells. In
contrast to a previous study, there was an increase in liver
enzymes which was consistent with the presence of inflam-
matory cells and fibrosis in the liver [12]. We hypothesized
that consumption of FDW 20% more than eight weeks may
lead to the inflammation of liver cells and elevation of liver
enzymes.

The changes in the structure of mitochondria in NAFLD
by using TEM also were observed following consumption
of FDW 20. Mitochondria are organelles involved in lipid
oxidation and production of ATP from fat and glucose
to be used as energy by cells. Each hepatocyte contains
800 or 18% of the total cell volume. Mitochondria play an
important role in the hepatocyte metabolism and act as
a primary site for fatty acid oxidation. The mitochondria
possess an oval or elliptical shape with size ranging between
0.5 and 2 𝜇m [18]. There are two phospholipids and protein
membranes covering the mitochondria, namely, inner and
outer membranes [3]. There are several enzymes present in
the matrix of mitochondria which contribute to the density
of the matrix. In TEM, the matrix of normal mitochondria is
identified as hyperdense area [17]. One of themajor functions
of the enzyme in the matrix is meant for fatty acid oxidation.
The mtDNA that is present in the matrix is very sensitive to
the oxidative stress. Thus, any factor that interferes with the
structure of the mitochondria may lead to disturbances in its
function [17].

Mitochondrial dysfunction might contribute to the
pathogenesis of NAFLD because of disturbances in mtDNA
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Figure 3: Hematoxylin and eosin staining of liver showed depositions of lipid vacuoles (arrow) in hepatocyte cytoplasm of F20 (b). Special
staining of lipid vacuoles by ORO stained the lipid vacuoles with red and the nucleus of hepatocyte with blue in the F20 (d). TEM of F20 (f)
showed the distorted nucleus of hepatocyte and multiple lipid depositions in the cytoplasm. No deposition of lipid vacuoles seen in the C
group. N-nucleus and LV-lipid vacuoles.

and in lipid oxidation function [17]. The changes in the
morphology of the mitochondria include increase in its size,
loss of the cristae, and hypodensity of the matrix [17]. In
the present study, the mitochondria in F20 group showed
morphological disruption whereby the sizes were increased,
the cristae were disrupted, and the matrixes were hypodense
compared to C group. All these changes were consistent with
the mitochondria dysfunction which was due to accumula-
tion of lipid vacuoles in the hepatocyte cytoplasm.

Morphologically, there are two steps involved in the
formation of megamitochondria [19]. The first step involves
simple swelling of themitochondria which can be followed by
the formation of megamitochondria. In simple swelling, the
size of mitochondria does not exceed three times compared
to the control group. However, in megamitochondria, the
size of the mitochondria is three times larger as compared to
control. This is due to a tear of the outer membrane of the
mitochondria which leads to fusion with other mitochondria
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Figure 4:The transmission electron micrograph of hepatocytes from C group (a) and F20 group (b) at magnification ×11 500.The F20 group
developed hepatic steatosis. The mitochondria from F20 group were bigger in sizes with swollen, disrupted cristae and hypodense matrix.
Mi-mitochondria and LV-lipid vacuole. The arrow shows the cristae.

around it. The present study demonstrates that consumption
of FDW 20% for eight weeks resulted in simple swelling of
mitochondria rather than megamitochondria. Perhaps, if the
duration of consumption of FDW is prolonged, it may lead to
formation of megamitochondria.

There are several stages of NAFLD natural history, rang-
ing from simple steatosis to steatohepatitis (NASH), liver
cirrhosis, and finally carcinoma of the liver [20]. The first
stage, which is steatosis, is characterized by the presence of
lipid inclusion in the liver. In NASH, steatosis is accompanied
by inflammatory cells, ballooning of the hepatocytes, and
often elevation of liver enzymes. Fibrosis is present when
cirrhosis develops and is due to liver cells death. The present
study shows that eight-week consumption of FDW 20%
resulted in the development of simple steatosis, the first
stage of NAFLD. This was evidenced by the presence of
lipid inclusions without inflammatory cells and normal liver
enzymes. Previous studies have shown that consumption of
HCHF diet resulted in more advanced stage of NAFLD [12].

5. Conclusion

Weconclude that inmaleWistar rats eightweeks of high fruc-
tose consumption caused the development of the metabolic
syndrome and the formation of NAFLD, via morphological
changes in hepatic mitochondria. One important limitation
of our study is the lack of assessment of molecular mitochon-
drial function, which needs to be addressed in future studies,
to better understand the association between alterations in
mitochondrial morphology and function. Moreover, future
studies are needed to investigate the effects of doses of
fructose consumption more relevant to people.
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