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Preface to “Nutritional Intake and the Risk for

Non-Alcoholic Fatty Liver Disease (NAFLD)”

Non-alcoholic fatty liver disease (NAFLD) is by now one of the most prevalent liver diseases 
world-wide. General over-nutrition and alterations of the dietary pattern like the consumption 
of a fat-, cholesterol-, and/or sugar-rich diet are discussed to be critical in the development of 
NAFLD. While a lot of research efforts have been undertaken throughout the last decades to decipher 
the molecular mechanisms underlying the development and progression of NAFLD, many aspects 
are still not fully understood and universally accepted therapies or life-style interventions are not 
available. Indeed, it has also been suggested that a general reduction of caloric intake especially when 
combined with an increase of physical activity may lead to an improvement of liver health in NAFLD 
patients over time when being followed. Yet, results of some epidemiological and experimental 
studies suggest that dietary composition e.g., partitioning and source of macronutrients may also 
largely impact disease development and progression and that targeting dietary composition through 
modulating fat and/ or sugar intake may have beneficial effects on liver status in settings of NAFLD. 
Also, in focusing on the combination of diet and exercise, not all patients that achieved weight loss 
resolved their liver disease. Furthermore, in more recent years the intake of pre- and probiotics but 
also specific micronutrients or secondary plant compounds are also discussed in the prevention and 
therapy of this disease. However, our understanding of the interaction of nutritional intake, dietary 
pattern and the development but also prevention and cure of NAFLD is still very limited.

Providing a better understanding of the effects of diet and herein especially of specific macro-

and micronutrients as well as pre- and probiotics and secondary plant compounds in the context 
of the development of NAFLD and its progression will help to develop novel prevention and 
therapeutic strategies for this metabolic liver disease. Therefore, this Special Issue book through 
including original research and scientific perspectives on the relationship between NAFLD and 
dietary constituents that aims to provide an in-depth insight in 1) mechanisms involved in the 
development of the disease and 2) novel prevention strategies to target disease onset and progression. 
Mechanistic insights defining the contribution of certain nutritional factors to the occurrence and 
management of NAFLD will improve our understanding of the disease and eventually lead to the 
development of universally accepted prevention and therapeutic strategies.

Ina Bergheim, Jörn M. Schattenberg

Special Issue Editors
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Abstract: The regulation of hepatic very-low-density lipoprotein (VLDL) secretion plays an important
role in the pathogenesis of dyslipidemia and fatty liver diseases. VLDL is controlled by hepatic
microsomal triglyceride transfer protein (MTTP). Mttp is regulated by carbohydrate response element
binding protein (ChREBP) and small heterodimer partner (SHP). However, it is unclear whether
both coordinately regulate Mttp expression and VLDL secretion. Here, adenoviral overexpression
of ChREBP and SHP in rat primary hepatocytes induced and suppressed Mttp mRNA, respectively.
However, Mttp induction by ChREBP was much more potent than suppression by SHP. Promoter
assays of Mttp and the liver type pyruvate kinase gene revealed that SHP and ChREBP did not
affect the transcriptional activity of each other. Mttp mRNA and protein levels of Shp−/− mice
were similar to those of wild-types; however, those of Chrebp−/−Shp−/− and Chrebp−/− mice were
significantly much lower. Consistent with this, the VLDL particle number and VLDL secretion rates in
Shp−/− mice were similar to wild-types but were much lower in Chrebp−/− and Chrebp−/−Shp−/−

mice. These findings suggest that ChREBP, rather than SHP, regulates VLDL secretion under normal
conditions and that ChREBP and SHP do not affect the transcriptional activities of each other.

Keywords: carbohydrate response element binding protein; small heterodimer partner; microsomal
triglyceride transfer protein; very-low-density lipoprotein

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the
world [1,2]. High fat diets and high carbohydrate diets are responsible in the development of
NAFLD [3–5]. High carbohydrate diets cause fatty liver by increasing hepatic de novo lipogenesis [3].
High fat diets increase hepatic fat content [4]. Therefore, lifestyle modifications, including hypocaloric
diets, are critical for the prevention and treatment of NAFLD. Non-alcoholic fatty liver disease (NAFLD)
is associated with hepatic insulin resistance and hepatic fibrosis and can lead to the development
of diabetes mellitus, dyslipidemia, non-alcoholic steatohepatitis, and hepatocellular carcinoma [1,2].
Hepatic lipid accumulation is regulated by the free fatty acid (FFA) supply from adipose tissue,
and de novo lipogenesis from the secretion of glucose, acyl CoA oxidation, and very-low-density
lipoprotein (VLDL) in the liver [6]. Visceral adipose tissue is the primary source of hepatic fat in
adults, contributing 59% of the triglycerides found in the liver [6]. Glucose and insulin signals
regulate hepatic de novo lipogenesis through the carbohydrate response element binding protein
(ChREBP) and sterol response element binding protein 1c (SREBP1c), respectively [7]. Moreover,
altered VLDL secretion also contributes to the pathogenesis of NAFLD [8,9]. VLDL secretion is

Nutrients 2018, 10, 321; doi:10.3390/nu10030321 www.mdpi.com/journal/nutrients1
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controlled by microsomal triglyceride transfer protein (MTTP) [8,9]. MTTP is essential for the assembly
and secretion of apolipoprotein B-containing lipoproteins. In humans and mice, Mttp deficiency causes
hypolipidemia and fatty liver [8,9]. Thus, Mttp is involved in the pathogenesis of NAFLD.

Mttp regulation depends on a few highly-conserved cis-elements in its promoter. The Mttp
promoter sequence contains critical positive (hepatic nuclear factor [HNF]-1, HNF-4, direct repeat
1, and FOX) and negative regulatory sterol and insulin response elements [8,9]. Small heterodimer
partner (SHP, also known as NR0B2) is a unique nuclear receptor (NR) that contains the dimerization
and ligand-binding domain found in other family members but lacks the conserved DNA-binding
domain [10]. We previously reported that human SHP genetic variations appear to cause mild obesity
and type 2 diabetes mellitus [11,12]. As a co-repressor, SHP represses the activities of HNF-4α and
the retinoid X receptor liver receptor homolog-1 (LRH-1) by interacting with these factors [13,14].
However, it is not certain whether SHP affects the VLDL secretion rate [15,16].

As with the effects of nutritional conditions on Mttp expression, high fat diets and high
carbohydrate diets induce Mttp expression, resulting in hyperlipidemia [17,18]. High fat diets increase
hepatic Mttp expression through decreased binding of sterol regulatory element-binding proteins to the
Mttp promoter [17]. High sucrose and high fructose consumption also increase Mttp expression [18];
however, the mechanisms of this are unclear. Recently, we reported that Mttp mRNA levels and VLDL
secretion rates were lower in the livers of Carbohydrate Response Element Binding Protein [ChREBP]
knockout (Chrebp−/−) mice [19]. ChREBP is a glucose-activated transcription factor that regulates
hepatic de novo lipogenesis in the liver [20–23]. ChREBP transcriptional activities are regulated
by phosphorylation/dephosphorylation, nuclear translocation, and conformational changes [20–23].
It was recently proposed that ChREBP transcriptional activity is regulated through interactions with
nuclear factors, such as farnesoid X receptor (FXR) and HNF4a [24–28]. Moreover, computer analysis
revealed that ChREBP contains a nuclear receptor binding motif [29]. Considering that SHP represses
the activities of many transcription factors by interacting with these factors [10], we speculated that
SHP might also affect Mttp transcription in cooperation with ChREBP.

ChREBP and SHP control the regulation of Mttp expression. Using rat hepatocytes and knockout
mice, we therefore evaluated the following: (1) whether ChREBP and SHP affect the transcriptional
activities of each other; (2) whether ChREBP and SHP coordinately affect Mttp expression and thereby
VLDL secretion; and (3) if ChREBP or SHP regulate VLDL secretion more potently. An appreciation
of the roles of ChREBP and SHP in regulating Mttp and VLDL secretion will be beneficial for
understanding the role of nutritional signals in the development of NAFLD and dyslipidemia.

2. Materials and Methods

2.1. Establishment of Chrebp−/− Shp−/− Double Knockout (DKO) Mice

Animal experiments were carried out in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). All animal
care was approved by the animal care committee of the University of Gifu (No. 27-30, approval date:
4 June 2015). Mice were housed at 23 ◦C on a 12-h light/dark cycle. Chrebp−/− mice were backcrossed
for at least 10 generations onto the C57BL/6J background [19,30]. Shp−/− mice were purchased
from Lexicon Genetics Inc. (The Woodlands, TX, USA). Shp+/− mice were backcrossed for at least 12
generations onto the C57BL/6J background. Male mice were used for all studies. Chrebp−/−Shp−/−

(DKO) mice were intercrossed with Chrebp−/− and Shp−/− mice.
Mice had free access to water and were fed an autoclaved CE-2 diet (CLEA Japan, Tokyo, Japan).

Wild-type (WT), Chrebp−/−, Shp−/−, and DKO mice were housed separately with a total of three mice
per cage. Body weight was measured weekly between 7 and 21 weeks of age. Mice were sacrificed
at 21 weeks of age by cervical dislocation. All tissue samples were immediately placed into liquid
nitrogen and stored at −80 ◦C until further analysis for hepatic triacylglycerol and cholesterol contents
and for quantitative polymerase chain reaction (PCR).

2



Nutrients 2018, 10, 321

2.2. Liver Triglyceride and Cholesterol Content and Plasma Profile Measurements

Liver lipids were extracted using the Bligh and Dyer method [31]; they were measured using
triglyceride (Wako Pure Chemicals, Osaka, Japan) and cholesterol E-tests (Wako). Blood plasma
was collected from the retro–orbital venous plexus, following ad libitum feeding or after a 6-h
fast. Blood glucose and beta-hydroxybutyrate (β-OHB) levels were measured using a FreeStyle
Freedom monitoring system (Nipro, Osaka, Japan). Plasma insulin, FFA, fibroblast growth factor 21
(FGF21), triglyceride, and total cholesterol levels were determined using commercial assay kits, as
follows: mouse insulin enzyme-linked immunosorbent assay (ELISA) (H type) (Shibayagi, Gunma,
Japan), NEFA C-test (Wako Pure Chemicals, Tokyo, Japan), mouse/rat Fgf21 ELISA (R&D Systems,
Minneapolis, MN, USA), triglyceride E-test (Wako), and the cholesterol E-test (Wako), respectively.

2.3. RNA Isolation and Quantitative Real-Time PCR

Total RNA isolation, cDNA synthesis, and real-time PCR analysis were performed as previously
described [13]. Real-time PCR primers for mouse/rat Chrebp, liver type pyruvate kinase (Pklr), Fgf21,
Mttp, and RNA polymerase II (Pol2) have been previously reported [31–33]. All amplifications were
performed in triplicate. The relative amounts of mRNA were calculated using the comparative CT
method. Pol2 expression was used as an internal control.

2.4. VLDL Secretion Test and MTTP Protein Contents

VLDL secretion tests were performed as previously reported [19]. Briefly, 500 mg/kg body weight
tyloxapol was administered intraperitoneally to 5 h fasted mice. Blood sampling was performed at the
indicated times. The triglyceride (TG) content in lipoprotein fractions and the VLDL particle numbers
were analyzed using gel-permeation high-performance liquid chromatography (LipoSEARCH®) at
Skylight Biotech Inc. (Akita, Japan) [34]. Serum samples obtained from six mice after 6 h fasting
were pooled and measured. Liver MTTP protein contents were measured by an MTTP ELISA kit
(Cloud-Clone Corp Inc., Houston, TX, USA).

2.5. Adenoviral Delivery into Rat Primary Hepatocytes

Rat primary hepatocytes were isolated as previously described [32,33]. Isolated hepatocytes were
suspended in DMEM, supplemented with 10% fetal calf serum, 100 nM insulin, 100 nM dexamethasone,
10 nM triiodothronine (T3), and 100 μg/mL penicillin/streptomycin. Cells were seeded in 6-well
plates or 10-cm dishes and grown in a humidified atmosphere of 5% CO2 and 95% air at 37 ◦C. After
the cells had been incubated for 4 h, the medium was replaced with DMEM containing 10 nM T3.
Adenoviruses harboring dominant active rat Chrebp lacking 1–196 a.a. (Ad-daChREBP) and mouse
SHP full length (Ad-SHP) were constructed according to the manufacturer’s protocol (Invitrogen,
Carlsbad, CA, USA). After 4 h infection with Ad-daChREBP and/or Ad-SHP, rat hepatocytes were
incubated for 20 h. Mttp mRNA levels were detected by real-time PCR.

2.6. Transfections and Luciferase Reporter Assay

Reporter plasmids pGL3 3×LPK ChoRE, pcDNA-daChrebp, and pcDNA-empty have
been previously reported [32,33]. pcDNA-SHP and pcDNA-FXR were constructed using the
pcDNA™3.2-DEST Mammalian Expression Vector (Invitrogen) according to the manufacturer’s
protocol (Invitrogen). pGL3-Mttp (−211 bp) was constructed as follows: mouse Mttp promoter
regions (−211 bp to +77 bp) amplified by PrimSTAR MAX DNA Polymerase (Takara Bio, Kusatsu,
Japan) were inserted into the pGL3 basic vector (Promega, Madison, WI, USA). Then, 1.0 μg of pGL3
MTTP (−211 bp), 0.1 μg pRL-TK vector, pcDNA-empty + pcDNA-daChREBP + pcDNA-SHP (total
1.0 μg), and 3 μL of Lipofectamine 2000 (Invitrogen) were transfected into primary rat hepatocytes.
After incubation for 24 h, cells were collected and used in luciferase assays.

3
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2.7. Statistical Analysis

All values are presented as means ± standard deviations. Data were analyzed using Tukey’s test.
A p-value < 0.05 was considered to be statistically significant.

3. Results

3.1. Adenoviral Overexpression of ChREBP and SHP Respectively Increased and Decreased Mttp Expression

Adenoviral ChREBP caused an increase in Mttp and Pklr mRNA expression, while SHP suppressed
only Mttp expression in primary rat hepatocytes (Figure 1A,B). Moreover, overexpressing SHP by more
than 70-fold (above physiological levels) was found to suppress ChREBP-mediated Mttp induction
(Figure 1A). In contrast, SHP overexpression failed to suppress ChREBP-mediated Pklr induction
(Figure 1B). This suggested that ChREBP induced Mttp expression more potently than SHP suppressed it.
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Figure 1. The coordinated effects of carbohydrate response element binding protein (ChREBP)
and small heterodimer partner (SHP) on Mttp expression. (A) and (B) The effects of SHP on
ChREBP-mediated Mttp (A) and Pklr (B) mRNA induction. After 4 h infection with Ad-daChREBP
and/or Ad-SHP in hepatocytes, cells were incubated for 20 h. Mttp mRNA levels were detected by
real-time Polymerase chain reaction method. Open symbols and closed symbols indicated adenoviral
overexpression of daChREBP and SHP, respectively. The x-axis indicates Shp and Chrebp mRNA levels
(fold change). Adenoviral overexpression of ChREBP caused a 2.5-fold increase in Chrebp mRNA levels.
Adenoviral SHP expression caused an indicated fold increase in Shp expresssion. Pol2 expression was
used as an internal control. n = 4 per group. * p < 0.05; (C) Reporter assay using pGL3-Mttp (−211 bp).
The indicated amounts of pcDNA-daChREBP and pcDNA-SHP were transfected with pGL3-Mttp
(−211 bp) and pRL-TK vectors and Lipofectamine 2000 reagent into primary rat hepatocytes. After 24 h
incubation, cells were collected for the dual luciferase assay. Luciferase activity was normalized to
Renilla luciferase activity. N.S., not significant. n = 6 per group; (D) Reporter assay using pGL3 3×LPK
ChoRE. The indicated amount of pcDNA-SHP was cotransfected with pGL3-3×LPK ChoRE, PRL-TK,
pcDNA daChREBP, and Lipofectamine 2000 into primary rat hepatocytes. After 24 h incubation, cells
were collected for the dual luciferase assay. Luciferase activity was normalized to Renilla luciferase
activity. NS, not significant vs control. n = 6 per group.
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SHP is known to suppress HNF4/HNF1/LRH-1-mediated Mttp expression [13,35]. Accordingly,
transfection of the PGL3 basic vector containing 211 bp of the Mttp promoter region (pcDNA-SHP),
including the HNF4/HNF1/LRH-1 binding site, successfully suppressed PGL3-Mttp (−211 bp)
luciferase activity. However, co-transfection of pcDNA-daChREBP did not reverse this effect
(Figure 1C). In contrast, the transfection of the pcDNA SHP vector could not suppress pGL3 Pklr
luciferase activities induced by pcDNA-daChREBP (Figure 1D). This suggested that SHP and ChREBP
did not affect the transcriptional activities of each other

3.2. Chrebp Shp DKO Mice Resembled Chrebp−/− Mice

We next assessed the effects of ChREBP and SHP on the mouse metabolic phenotype in vivo.
Chrebp−/− mice displayed characteristically higher liver weights, lower white adipose tissue weights,
higher plasma FFA, FGF-21, and β-OHB levels, and elevated liver glycogen contents compared
with those of WT mice. Chrebp−/−Shp−/− double knockout (DKO) mice also displayed similar
characteristics (Table 1).

Table 1. Phenotypic comparison between WT, ChREBP−/−, SHP−/−, ChREBP−/−SHP−/− (DKO) mice.

WT ChREBP−/− SHP−/− DKO

BW (g) 29.50 ± 0.71 30.40 ± 1.92 28.57 ± 2.98 30.2 ± 2.51
Liver (%BW) 5.02 ± 0.08 5.37 ± 0.27 * 5.01 ± 0.14 5.52 ± 0.24 *

Epidydimal fat (%BW) 2.41 ± 0.30 1.68 ± 0.62 * 2.07 ± 0.33 1.41 ± 0.24 *
Mesenteric fat (%BW) 1.16 ± 0.13 0.77 ± 0.16 * 1.02±0.28 0.55 ± 0.11 *

Brown adipose tissue (%BW) 0.30 ± 0.07 0.27 ± 0.10 0.36 ± 0.12 0.49 ± 0.15
Plasma glucose (mg/dL) 132.3 ± 17.3 128.4 ± 13.2 118.7 ± 21.5 117.2 ± 11.5
Plasma insulin (ng/dL) 0.86 ± 0.26 1.01 ± 0.33 0.91 ± 0.41 0.65 ± 0.17

HOMA-R 0.28 ± 0.08 0.32 ± 0.12 0.27 ± 0.15 0.19 ± 0.03
Plasma triglyceride (mg/dL) 66.1 ± 10.1 56.2 ± 11.5 65.2 ± 12.6 67.3 ± 19.8

Plasma FGF21 (pg/mL) 802.1 ± 365.8 150.2 ± 51.1 * 584.1 ± 268.6 124.0 ± 61.8 *
Plasma β-hydroxybutyrate (mM) 2.05 ± 0.24 1.32 ± 0.11 2.37 ± 0.40 1.49 ± 0.22

Liver glycogen content (mg/g liver) 40.5 ± 12.4 80.8 ± 20.2 * 33.4 ± 10.5 78.0 ± 22.7 *
Liver cholesterol content (mg/g liver) 8.82 ± 1.63 9.54 ± 1.02 8.98 ± 1.53 7.17 ± 1.66
Liver triglyceride content (mg/g liver) 17.3 ± 4.2 16.0 ± 3.77 17.2 ± 5.14 15.7 ± 3.17

BW, body weight; EP, epidydimal fat weight; VS, visceral fat weight; BAT, brown adipose tissue weights; FGF21,
fibroblast growth factor 21. * p < 0.05 vs. WT.

Chrebp and Shp mRNA levels were unaffected by Shp and Chrebp deletions, respectively
(Figure 2A,B). Consistent with these phenotypes, the expression levels of ChREBP target genes,
such as Pklr and Fgf21, were significantly lower in Chrebp−/−and DKO mice (Figure 2C,D). In contrast,
the expression of Cyp7a1, a SHP target gene, was significantly higher in Shp−/− and DKO mice but
was unchanged in Chrebp−/− mice (Figure 2E). Many phenotypes seen in DKO mice were similar to
those of Chrebp−/− mice, suggesting that SHP had little effect on ChREBP target gene expression.
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Figure 2. ChREBP and SHP target mRNA levels in wild-type, Chrebp−/−, Shp−/−, and Chrebp−/−

Shp−/− mice. Carbohydrate response element binding protein (Chrebp) (A); small heterodimer partner
(Shp) (B); liver type pyruvate kinase (Pklr) (C); fibroblast growth factor 21 (Fgf21) (D); and Cholesterol
7 alpha-hydroxylase (Cyp7a1); (E) mRNA expression analysis in the livers of wild-type, Chrebp−/−,
Shp−/−, and Chrebp−/− Shp−/− (DKO) mice. Open squares indicate fasted conditions; closed squares
indicate fed conditions. Pol2 expression was used as an internal control. Each mRNA levels were
corrected with mouse RNA polymerase 2 mRNA. * p < 0.05 vs. WT (fast), n = 4. ** p < 0.05 vs. WT (fed),
n = 4.

3.3. ChREBP and SHP Respectively Positively and Negatively Controlled VLDL Secretion through
Mttp Regulation

We evaluated the effects of Chrebp and Shp deletion on Mttp expression. Hepatic Mttp mRNA
levels were much lower in Chrebp−/− and DKO mice than in WT mice; however, those in Shp−/−

mice were only slightly (only 1.15 times) higher than in WT mice (Figure 3A). Consistent with mRNA
levels, MTTP protein levels were significantly much lower in Chrebp−/− and DKO mice than in WT
mice (Figure 3B). Moreover, VLDL TG contents of Chrebp−/− and DKO mice were lower than those in
WT and Shp−/− mice, while VLDL secretion rates in Chrebp−/− and DKO mice were approximately
0.6 times lower than in WT mice (Figure 3C). In contrast, liver VLDL secretion rates in Shp−/− mice
were similar to those in WT mice (Figure 3C). In support of this, the VLDL TG contents and VLDL
particle numbers in Chrebp−/− mice and DKO mice were much lower those in WT mice, while those
in Shp−/− mice were similar to those in WT mice (Figure 3D,E). Therefore, under normal conditions,
the effect of ChREBP on Mttp expression was potent but the effect of SHP was physiologically much
weaker or lacking.
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Figure 3. Shp deletion failed to recover decreased Mttp expression, and thereby, VLDL secretion
rates mediated by Chrebp deletion. (A) Hepatic Mttp mRNA levels in the livers of wild-type (WT),
Chrebp−/−, Shp−/−, and DKO mice. Mttp mRNA levels were detected by real-time PCR. Pol2
expression was used as an internal control. * p < 0.05 vs. WT (fast), n = 4. ** p < 0.05 vs. WT (fed),
n = 4. Data are represented as means ± SD; (B) Hepatic MTTP protein expression in the livers of WT,
Chrebp−/−, Shp−/−, and DKO mice. MTTP protein levels were measured by ELISA and corrected
for total protein levels. * p < 0.05 vs. WT, n = 5–7. Data are represented as means ± SD; (C) VLDL
secretion rates were measured as previously reported [17]. * p < 0.05 vs. WT, n = 5–7. Data are
represented as means ± SD; TG contents in lipoprotein fraction (D) and VLDL particle numbers (E)
were analyzed using gel-permeation high-performance liquid chromatography. Data are representative
of six samples pooled.

4. Discussion

In this study, we evaluated whether ChREBP and SHP could coordinately affect VLDL secretion
via Mttp expression. ChREBP and SHP reciprocally affected Mttp mRNA levels; however, the potency
of Mttp suppression by SHP was much lower than that of Mttp induction by ChREBP. Therefore,
ChREBP and SHP did not affect the transcriptional activity of each other. Mttp mRNA and protein
levels in Chrebp−/− and DKO mice were much lower than those in WT mice; however, those in Shp−/−

mice were similar to WT. In agreement with this, VLDL secretion rates of DKO and Chrebp−/− mice
were much lower than those of Shp−/− mice, which were the same as those of WT mice. Together, these
findings suggest that ChREBP, rather than SHP, regulates Mttp expression under normal conditions.

SHP predominantly functions as a transcriptional repressor of gene expression that binds directly
to nuclear receptors, such as LRH-1, HNF4α, estrogen receptors, estrogen receptor-related receptors,
liver X receptors, peroxisome proliferator-activated receptors, glucocorticoid receptor, thyroid hormone
receptor β, retinoic acid receptor α, FXR, pregnane X receptor, constitutive androstane receptor,
androgen receptor, nerve growth factor IB, and common heterodimerization partner retinoid X
receptors [10]. SHP was previously shown to suppress MTTP expression by binding to HNF4α/LRH-1
sites in the Mttp promoter [10,13,35].
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Recent reports have proposed a new ChREBP regulatory mechanism (ChREBP-nuclear receptor
interaction), in which nuclear factors interact with ChREBP to modify ChREBP transcriptional
activity [25–28]. Computer analysis previously revealed that ChREBP contains an LxQLLT sequence
that matches the NR binding motif [29]. The rat LxQLLT sequence is localized to a proline-rich region
(540–545 a.a.) of ChREBP [29]. SHP binds and represses the transcriptional activities of target genes by
utilizing two functional LXXLL-related motifs located in the ligand-binding domain [10]. Some studies
have also suggested that the interactions between ChREBP and nuclear receptors, such as FXR and
HNF4, play physiological roles in regulating Pklr expression [25–28]. HNF4 and FXR positively and
negatively regulate ChREBP transcriptional activity, respectively. However, our data revealed that
SHP overexpression did not affect Pklr mRNA or luciferase activity of the PGL3 3xPKLR ChoRE vector.
Moreover, SHP deletion did not affect the mRNA levels of ChREBP target genes (Pklr and Fgf21) in
mice. Consistent with this, we found that ChREBP interacted with SHP in the mammalian two-hybrid
system, and interactions with SHP did not interfere with the binding between FXR and ChREBP in
the mammalian two-hybrid system (data not shown). This indicated that SHP might not affect the
interplay between ChREBP and nuclear factors such as FXR and HNF4, and therefore, that it does not
modulate ChREBP transcriptional activity.

Reporter assays for the Mttp promoter (−211/+81 bp) in the present study revealed that SHP
suppressed hepatic Mttp expression, but that ChREBP overexpression did not affect luciferase activity
controlled by the Mttp promoter (−211/+81 bp). This supports the notion that ChREBP does not affect
the role of SHP as a corepressor. Taken together with the fact that a Chrebp deletion did not affect SHP
target gene (Cyp7a1) mRNA levels, this suggested that ChREBP does not modulate SHP transcriptional
activity. Thus, ChREBP and SHP do not affect the transcriptional activities of each other.

To evaluate ChREBP binding to Mttp promoter regions, we searched for putative ChoRE
motifs [36–38] in the promoter, exons, and introns. However, we did not detect ChoREs in Mttp.
Considering that ChREBP regulates the expression of many genes [21,30,32,33,36–39], we propose
that it might indirectly induce Mttp expression through the activation of other transcription factors.
However, further investigation is needed to identify the mechanism underlying the ChREBP induction
of Mttp expression.

The VLDL secretory pathway is regulated by MTTP, a rate-limiting enzyme. We previously
reported that ChREBP positively regulates VLDL secretion [19]. Although SHP controls Mttp
expression by modulating HNF4 and LRH-1 transcriptional activity, its effect on VLDL secretion
was controversial [15,16]. Some studies reported that VLDL secretion in Shp−/− mice on ob/ob or
C57BL/6 backgrounds increased relative to WT mice [16], while others showed that VLDL secretion in
Shp−/− mice fed a Western diet was similar to that in Shp−/− mice fed a normal diet [15]. Our data
were consistent with the latter. They also confirmed that ChREBP regulates VLDL secretion, but that
SHP deletion did not affect VLDL secretion in either WT or Chrebp−/− mice. Our analyses of MTTP
protein levels and VLDL particle numbers also supported these data. Taken together with the fact that
SHP overexpression by more than 70 times was needed to suppress ChREBP-mediated Mttp induction,
these findings suggest that ChREBP plays important roles in VLDL secretion, while those of SHP are
much smaller or negligible.

Nutritional conditions affect the development of NAFLD and dyslipidemia. High carbohydrate
diets and high fat diets increase Mttp expression [9]. High carbohydrate diets increase de novo
lipogenesis and Mttp expression [9,18]. As we previously reported, Chrebp deletions prevent hepatic
lipid accumulation following consumption of a high carbohydrate diet [30,40]. The prevention
from high carbohydrate diet induced fatty liver was due to a decrease in de novo lipogenesis,
decreased free fatty acid supply from adipose tissue, and appetite loss from the high sucrose and high
fructose diet [30,40–43]. Decreased Mttp expression might deteriorate NAFLD in ChREBP−/− mice.
As ChREBP−/− mice could not be fed a high carbohydrate diet such as the high sucrose diet [30,41,42],
we could not perform an experiment using the high carbohydrate diet. In contrast, a high fat diet
increased the FFA supply from dietary fat and induced Mttp expression [17]. The High fat diet
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suppressed ChREBP transcriptional activity [44]. Moreover, Chrebp deletion did not prevent from
high fat diet induced fatty liver owing to decreased fatty acid oxidation [19,43]. As Shp suppress
PPAR alpha [45], Shp deletion prevented hepatic lipid accumulation through increased fatty acid
oxidation [15]. Consistent with our data, Mttp expression was not affected by Shp deletion. Therefore,
we analyzed the effects of ChREBP and SHP deletion on Mttp expression and VLDL secretion under
a normal diet condition. In this study, ChREBP and SHP independently regulated glucose and lipid
metabolism. The difference in target genes between ChREBP and SHP might contribute to the different
effects of ChREBP and SHP on preventing the development of fatty liver induced by high fat diets in
Chrebp−/− and Shp−/− mice (Figure 4).

Figure 4. ChREBP and SHP independently regulate hepatic lipid metabolism. High carbohydrate
diets increase de novo lipogenesis and VLDL secretion through ChREBP activation. Therefore, Chrebp
deletion prevents high carbohydrate diet induced fatty liver [30,40,42,43]. In contrast, SHP suppresses
PPAR alpha and an Shp deletion prevents high fat diet induced fatty liver [15,45]. In this study, we
clarified that ChREBP, rather than SHP, regulates VLDL secretion through Mttp expression (bold line).
Thus, ChREBP and SHP independently regulate hepatic lipid metabolism.

5. Conclusions

ChREBP and SHP were shown to modulate hepatic Mttp expression, but the capacity of Mttp
suppression by SHP was much lower than that of Mttp induction by ChREBP. Moreover, ChREBP
and SHP did not affect the transcriptional activities of each other. Unlike many transcription factors,
ChREBP was not regulated by SHP. Finally, ChREBP, rather than SHP, was shown to regulate hepatic
VLDL secretion.
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Abstract: Background: The correlation between abnormal vitamin serum levels and chronic liver
disease has been previously described in literature. However, the association between the severity of
folate serum levels (B9), vitamin B12 and nonalcoholic steatohepatitis (NASH) has not been widely
evaluated. Therefore, the aim of this study was to investigate the existence of such a correlation in
a cohort of NASH patients. Methods: All patients aged 18 years and older who were diagnosed
with biopsy-proven NASH at the EMMS hospital in Nazareth during the years 2015–2017 were
enrolled in this study. Data regarding demographic, clinical and laboratory parameters was collected.
Patients with other liver diseases were excluded. Results: Eighty-three NASH patients were enrolled
during the study period. The mean age was 41 ± 11 years and the majority of patients were male.
Mean values of folate and B12 were 9.85 ± 10.90 ng/mL and 387.53 ± 205.50 pg/mL, respectively.
Half of the patients were presented with a grade 1 steatosis (43.4%), a grade 2 fibrosis (50.6%) and a
grade 3 activity score (55.4%). The fibrosis grade was significantly correlated with low folate levels on
multivariate analysis (p-value < 0.01). Similarly, low B12 levels were significantly associated with a
higher fibrosis grade and NASH activity (p-value < 0.001 and p-value < 0.05 respectively). Conclusion:
Our study demonstrated a statistically significant correlation between low levels of folate and vitamin
B12 with the histological severity of NASH. These findings could have diagnostic and therapeutic
implications for patient management and follow-up.

Keywords: nonalcoholic fatty liver disease; NAFLD; nonalcoholic steatohepatitis; NASH; vitamin B9;
folate; vitamin B12

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined as the presence of liver steatosis,
as demonstrated on imaging or histology, in patients who ingest less than 20 mg of alcohol per
day [1,2]. It is the most prevalent liver disease worldwide, with an estimated global prevalence of
25.24% (95% confidence interval (CI) 22.10–28.65), of which the highest rates are found in the Middle
East and South America [3,4]. Different metabolic co-morbidities are often associated with NAFLD,
including central obesity, insulin resistance, type 2 diabetes mellitus, hyperlipidemia, hypertension,
and metabolic syndrome [4,5].
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NAFLD is a wide spectrum of disorders ranging from a simple form of steatosis to a progressive
form known as nonalcoholic steatohepatitis (NASH), which is characterized by hepatocellular injury
and inflammation [6]. Furthermore, NAFLD is considered to be an important cause of cryptogenic
cirrhosis [7]. According to a recently published meta-analysis, the mean annual rate of fibrosis
progression in NASH is 0.09 (95% CI 0.06–0.12), whilst the overall fibrosis progression proportion is
40.76% (95% CI 34.69–47.13) [4]. Treatment of NASH continues to be challenging for physicians as
there is no approved effective pharmacotherapy for this disorder and life style modification remains
the mainstay of therapy for these patients [2,8,9].

Vitamin deficiency/hypovitaminosis is a general term for a wide-spread condition which has
reached epidemic proportions in developing and developed countries alike, mainly due to lifestyle
and dietary habits. Although sub-clinical hypovitaminosis can occur in well-nourished subjects, it is
most often the result of limited dietary intake or vitamin malabsorption [9,10]. Several studies have
shown that chronic liver diseases are associated with lower levels of vitamins such as vitamin D, E,
B6, and A [11–14]. Moreover, a trial therapeutic combination of vitamins E and A as a treatment for
NASH was found to minimize oxidative stress damage and to curb cirrhosis formation processes [15].

Despite the indications in the literature regarding the association between chronic liver diseases
and hypovitaminosis, little is known about a specific correlation between hypovitaminosis and NASH
severity. Thus, in this study we sought to investigate potential correlations between folate and
B12 serum levels with NASH severity, as defined in terms of the fibrosis grade and activity, in a
geographical area characterized by a significant epidemiological burden of NASH. We chose to focus
on these vitamins because the relationship between their serum levels and fibrosis severity has been
scarcely reported. More specifically, we expected to find a negative correlation, in analogy with what
was found for other vitamins.

2. Material and Methods

2.1. Ethical Approval

The current study received ethical approval from the local hospital ethical committee and was
conducted according to the Helsinki declaration and its subsequent amendments. The data was coded
in order to preserve the anonymity of the patients. Informed consent was waived because of the
non-interventional design of the study.

2.2. Patients Selection

All patients diagnosed with biopsy-proven NASH at the EMMS Nazareth Hospital (located in
Nazareth, Israel) between the years 2015 to 2017 were considered potentially eligible and enrolled in
the study. Furthermore, patients were included in the present study if (i) age > 18 years old; and (ii)
they had no history of alcohol abuse (their weekly ethanol consumption was less than 210 gm).

Patients with other hepatic pathology or autoimmune phenotypes (such as alcoholic liver
disease, drug-induced liver injury, autoimmune hepatitis, viral hepatitis, cholestatic liver disease and
metabolic/genetic liver disease) were excluded using specific clinical, laboratory, radiological and/or
histological criteria/tests (serology of viral hepatitis A, B, and C, autoimmune markers including ANA,
anti-LKM, anti-smooth mussels protein electrophoresis, immune electrophoresis, metabolic markers
such as serum ceruloplasmin, 24-h urine collection for copper, ferritin, iron, transferrin saturation,
TSH, HbA1c and alpha-1 antitrypsin).

Extracted data included socio-demographic variables (such as age and gender), body mass index
(BMI), fat volume, histopathological biopsy results, serum levels of alanine transaminase (ALT),
aspartate transaminase (AST), low-density lipoprotein cholesterol (LDL), high-density lipoprotein
cholesterol (HDL), triglycerides, insulin and insulin resistance index (HOMA-IR), glycated hemoglobin
(hemoglobin A1c or HbA1c), C-reactive protein (CRP), folate, and vitamin B12.
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A hepatopathologist reviewed all of the liver biopsies and utilized the SAF scoring system
(encompassing an assessment of steatosis (S), activity (A) and fibrosis (F)) scoring system for the
grading and staging of steatohepatitis developed and validated by Bedossa and collaborators [16].
The staging, according to this scoring system, is as follows: steatosis: Stage 1—lipid droplets in ∼30%
of hepatocytes, Stage 2—steatosis in 60% of hepatocytes and Stage 3—steatosis in >80% of hepatocytes;
fibrosis: Stage 0—no fibrosis, Stage 1—zone 3 perisinusoidal fibrosis, Stage 2—as before with portal
fibrosis, Stage 3—as before with bridging fibrosis, and Stage 4—cirrhosis; activity score: A0—no
activity, A1—mild activity, A2—moderate activity, A3 (A ≥ 3)—severe activity).

2.3. Statistical Analysis

Before commencing any statistical processing and analysis, the data was visually inspected and
assessed for outliers. Continuous variables were computed as the mean with standard deviation (SD),
whereas categorical variables were expressed as percentages. Univariate and multivariate regression
analyses were conducted using the vitamin levels as dependent variables. Rank correlation analysis
was performed; both Spearman’s rho and Kendall’s tau coefficients were computed. Spearman’s rho
coefficient was interpreted using the following rule of thumb (in absolute value): 0.00–0.19—very
weak correlation, 0.20–0.39—weak correlation, 0.40–0.59—moderate correlation, 0.60–0.79—strong
correlation, and 0.80–1.0—very strong correlation. Chi-squared test and analysis of variance
(ANOVA)-one way were also performed.

All statistical analyses were performed with the commercial software Statistical Package for Social
Science (SPSS version 24.0, IBM, Chicago, IL, USA). ROC analysis was performed with the commercial
software MedCalc Statistical Software version 17.9.7 (MedCalc Software bvba, Ostend, Belgium;
http://www.medcalc.org; 2017). A p-value of less than 0.05 was considered statistically significant.

3. Results

Eighty-three NASH patients were enrolled in this study. The mean age of the study population
was 41.12 (SD ± 11.18) years. The majority of participants were male (61.4%). The mean serum
levels of folate and vitamin B12 amongst the study population were 9.85 ± 10.90 ng/mL and
387.53 ± 205.50 pg/mL, respectively. Roughly half of the patients were presented with a grade 1
steatosis (43.4%), grade 2 fibrosis (50.6%) and a grade 3 activity score (55.4%). Further details regarding
the study population can be seen in Table 1.

Table 1. Descriptive statistics of the population studied.

Variables Values

Age (years) 41.12 ± 11.18; 42 (18–74)

Gender

Male 51 (61.4%)
Female 32 (38.6%)

BMI (kg/m2) 28.86 ± 2.83; 29 (22–40)
Fat volume 55.66 ± 24.60; 60 (10–90)
ALT (units) 80.61 ± 31.33; 78 (11–212)
AST (units) 48.81 ± 14.99; 45 (24–85)

CRP (mg/dL) 3.80 ± 2.44; 3.6 (0–13)
HDL (mg/dL) 37.69 ± 8.63; 36 (16–58)
LDL (mg/dL) 132.36 ± 24.01; 139 (68–187)
TG (mg/dL) 153.12 ± 36.63; 152 (69–274)

Insulin (IU/ML) 24.71 ± 5.21; 26 (12–36.2)
HbA1c (%) 5.38 ± 0.63; 5.4 (2–6.2)
HOMA-IR 2.88 ± 1.06; 2.8 (1.2–5.9)

B12 (pg/mL) 387.53 ± 205.50; 321 (123–823)
Folate (ng/mL) 9.85 ± 10.90; 8.9 (2.2–105)
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Table 1. Cont.

Variables Values

Steatosis (S0–S3)

S1 36 (43.4%)
S2 24 (28.9%)
S3 23 (27.7%)

Fibrosis (F0–F4)

Grade 0 11 (13.3%)
Grade 1 20 (24.1%)
Grade 2 42 (50.6%)
Grade 3 7 (8.4%)
Grade 4 3 (3.6%)

Activity (A0–A4)

Grade 2 36 (43.4%)
Grade 3 46 (55.4%)
Grade 4 1 (1.2%)

Abbreviations: BMI, body mass index; ALT, alanine transaminase; AST, aspartate aminotransferase; CRP, C-reactive
protein; HDL, high-density lipoproteins; LDL, low-density lipoproteins; TG, triglycerides; HOMA-IR, homeostatic
model assessment-Insulin resistance (HOMA-IR).

A statistically significant association was found between lower levels of folate and fibrosis grade
on univariate regression analysis (p-value < 0.01). Older age, CRP levels, HOMA-IR, fibrosis grade
and NASH disease activity grade were all significantly correlated with lower levels of vitamin B12
(Table 2).

Table 2. Univariate regression analysis for each vitamin studied in the present investigation.

Variable Folate (ng/mL) B12 (pg/mL)

Age (years) 0.002 ± 0.108 −4.846 ± 1.971 *
Gender 2.730 ± 2.454 −2.138 ± 46.629

BMI (kg/m2) 0.085 ± 0.428 0.764 ± 8.062
Fat volume 0.008 ± 0.049 0.755 ± 0.924
ALT (units) −0.034 ± 0.038 −1.291 ± 0.715
AST (units) −0.090 ± 0.080 −1.972 ± 1.507

CRP (mg/dL) −0.056 ± 0.500 −20.007 ± 9.072 *
HDL (mg/dL) −0.105 ± 0.140 3.765 ± 2.612
LDL (mg/dL) 0.077 ± 0.050 −0.136 ± 0.951
TG (mg/dL) 0.032 ± 0.033 −0.722 ± 0.618

Insulin (IU/mL) −0.431 ± 0.227 −7.564 ± 4.300
HbA1c (%) −1.004 ± 1.908 −62.653 ± 35.350
HOMA-IR −1.714 ± 1.127 −45.663 ± 20.947 *
Steatosis −0.773 ± 1.450 30.421 ± 27.186
Fibrosis −3.665 ± 1.218 ** −160.835 ± 16.351 ***
Activity −3.196 ± 2.298 −131.579 ± 41.334 **

Abbreviations: BMI, body mass index; ALT, alanine transaminase; AST, aspartate aminotransferase; CRP, C-reactive
protein; HDL, high-density lipoproteins; LDL, low-density lipoproteins; TG, triglycerides; HOMA-IR, homeostatic
model assessment-insulin resistance (HOMA-IR). * statistically significant with p-value < 0.05; ** statistically
significant with p-value < 0.01; *** statistically significant with p-value < 0.001.

When confounders such as obesity and insulin resistance were taken into account on multivariate
analysis, fibrosis was found to be significantly associated with folate serum levels (standardized
beta coefficient −0.353, p = 0.009). On rank correlation analysis, the link between folate levels
and fibrosis grade was of statistical significance (Spearman’s rho −0.608 (95%CI from −0.728 to
−0.451), p-value < 0.001, strong correlation; Kendall’s tau −0.487 (95%CI from −0.603 to −0.335),
p-value < 0.001). Fibrosis was also significantly correlated with vitamin B12 levels, on both the
regression (standardized beta coefficient −0.623, p-value = 0.000) and on rank correlation analysis
(Spearman’s rho −0.737 (95%CI from −0.822 to −0.620), p-value < 0.001, strong correlation; Kendall’s
tau −0.606 (95%CI from −0.688 to −0.489), p-value < 0.001). Activity was also associated with vitamin
B12 levels (standardized beta coefficient −0.183, p-value = 0.039), even though the correlation found
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was very weak (Spearman’s rho −0.288 [95%CI from −0.474 to −0.0770), p-value = 0.0083; Kendall’s
tau −0.237 (95%CI from −0.416 to −0.020), p-value = 0.0015). The analyses are presented in Table 3.

Table 3. Multivariate regressions for each vitamin.

Variables
Non-Standardized Coefficients Standardized Coefficients

T Sig.
B Standard Deviation Beta

Folate (B9)

(Constant) 6.959 21.122 0.329 0.743
Age (years) 0.188 0.128 0.193 1.469 0.147
Gender 5.101 2.710 0.229 1.882 0.064
BMI (kg/m2) 0.382 0.480 0.099 0.795 0.429
AST (units) −0.087 0.095 −0.119 −0.914 0.364
ALT (units) −0.003 0.107 −0.004 −0.031 0.975
TG (mg/dL) 0.024 0.035 0.079 0.680 0.499
HDL (mg/dL) −0.147 0.148 −0.116 −0.996 0.323
LDL (mg/dL) 0.034 0.053 0.074 0.637 0.526
CRP (mg/dL) 0.519 0.567 0.116 0.915 0.364
HbA1c (%) −0.065 2.113 −0.004 −0.031 0.976
Insulin (IU/mL) −0.304 0.324 −0.145 −0.938 0.352
HOMA-IR −0.742 1.697 −0.072 −0.438 0.663
Fibrosis −4.079 1.513 −0.353 −2.695 0.009 **
Activity −0.595 2.575 −0.028 −0.231 0.818
Steatosis −6.073 3.461 −0.464 −1.755 0.084
Fat volume 0.188 0.120 0.424 1.566 0.122

Vitamin B12

(Constant) 1264.063 280.796 4.502 0.000 ***
Age (years) −0.814 1.705 −0.044 −0.478 0.634
Gender −9.612 36.033 −0.023 −0.267 0.790
BMI (kg/m2) −5.805 6.384 −0.080 −0.909 0.366
AST (units) −0.586 1.260 −0.043 −0.465 0.643
ALT (units) −2.413 1.416 −0.137 −1.704 0.093
TG (mg/dL) −0.451 0.460 −0.080 −0.981 0.330
HDL (mg/dL) 3.060 1.961 0.129 1.561 0.123
LDL (mg/dL 0.547 0.702 0.064 0.780 0.438
CRP (mg/dL) −5.564 7.537 −0.066 −0.738 0.463
HbA1c (%) −31.261 28.088 −0.096 −1.113 0.270
Insulin (IU/mL) 1.503 4.304 0.038 0.349 0.728
HOMA-IR −4.149 22.558 −0.021 −0.184 0.855
Fibrosis −135.886 20.118 −0.623 −6.754 0.000 ***
Activity −72.172 34.236 −0.183 −2.108 0.039 *
Steatosis 66.491 46.012 0.270 1.445 0.153
Fat volume −1.966 1.594 −0.235 −1.233 0.222

Abbreviations: BMI, body mass index; ALT, alanine transaminase; AST, aspartate aminotransferase; CRP, C-reactive
protein; HDL, high-density lipoproteins; LDL, low-density lipoproteins; TG, triglycerides; HOMA-IR, homeostatic
model assessment-Insulin resistance (HOMA-IR). * statistically significant with p-value < 0.05; ** statistically
significant with p-value < 0.01; *** statistically significant with p-value < 0.001.

4. Discussion

Information regarding the relationship between folate and vitamin B12 status and the histological
severity of NASH is scarce in the literature. In this study, both folate and vitamin B12 serum levels
were found to be significantly correlated with the liver fibrosis grade, whereas vitamin B12 status was
also associated with NASH degree of activity.

To date, the correlation between vitamin levels and chronic liver diseases has been investigated in
several studies, although most of the data focused on vitamin D status [17–19]. Dasarathy et al. [20]
compared plasma vitamin D concentration levels between 81 NAFLD/NASH patients, 67 individuals
with hepatic steatosis and 39 healthy controls. Vitamin D serum levels were found to be significantly
lower in NAFLD/NASH patients, with a negative correlation between vitamin D status and NAFLD
activity scores. Low concentrations of vitamin D were additionally associated with greater severity
of steatosis, hepatocyte ballooning, and fibrosis, although only the association with the severity
of hepatocyte ballooning remained statistically significant after it was adjusted for confounders.
Furthermore, plasma vitamin D and insulin concentrations were independent predictors of the NAFLD
activity score on biopsy, while a higher fat mass was found to correlate with the low vitamin D levels
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in NAFLD patients. An additional study, which examined 46 morbidly obese patients with diabetes
mellitus and metabolic syndrome, of which 72% had NASH [21], discovered a relationship between
a higher fibrosis stage and higher levels of HOMA-IR and vitamin D. On the other hand, according
to a study by Brill and colleagues [22], although subjects with NASH had higher insulin resistance
than individuals without NASH, plasma vitamin D concentration was similar between both groups.
However, despite these controversies concerning the role of vitamin D in NASH, other vitamins,
such as folate and vitamin B12, have been overlooked in the extant literature.

Various studies have demonstrated that obese subjects have lower folate serum levels in
comparison with normal-range BMI subjects [23,24]. Furthermore, obesity is a well-known risk factor
for NAFLD [25]. Therefore, it has been suggested that folate deficiency may have a pathogenic role in
NAFLD. This leads to a more severe form of the disease, mainly in metabolic syndrome and diabetes
mellitus type 2 patients [26]. Moreover, Sid et al. [26] highlighted the importance of folate in the
progression of NAFLD, thus raising the possibility that supplementary folate may be a treatment
option. These findings are consistent with our results, in which a correlation between lower folate
levels and a higher histological grading of NASH was revealed.

In a cohort of Chinese patients with NAFLD, low serum concentration of folate was identified
as an independent risk factor for NAFLD [27]. Furthermore, it was demonstrated that inclusion of
serum folate levels in the current NAFLD prediction score has led to a significant improvement in
NAFLD prediction [27]. However, in an open-label pilot study [28], ten NASH patients with a median
fibrosis stage 2 were treated with 1 mg/day of folic acid for 6 months. No significant effects in terms
of biochemical improvement could be detected. Furthermore, folate deficiency was observed only in
a cirrhotic patient. Therefore, it is clear that the controversy in the literature regarding the complex
interplay between folate and non-alcoholic fatty liver disease and steatohepatitis has yet to be resolved.
However, unveiling the pathogenetic process underlying the association between folate and NAFLD
may provide important insights into the diagnosis and prediction of NASH, thus enabling treatment
initiation in a timely and effective manner.

Another important finding of this study was the role of low vitamin B12 levels as an independent
predictor of NASH histological severity, in terms of disease activity and fibrosis grade. These results
corroborated the outcomes of previous studies, which, for instance, demonstrated that NAFLD patients
have lower serum levels of vitamin B12 in comparison to controls, which correlated with a higher
grade of steatohepatitis [29]. In another study [30], higher levels of homocysteine were observed in
71 NAFLD patients, which correlated negatively with folate and B12 concentrations.

However, in a study by Polyzos et al. [31], no difference in serum vitamin B12 and folate levels was
detected in 30 NAFLD patients in comparison with 24 healthy controls. Additionally, no correlation
was found between the levels of both vitamins and the severity of liver disease, in terms of steatosis
grade and fibrosis stage. These results were in contrast with the findings of another study which
reported that B12 could be used as a biomarker in a sample of 116 patients with chronic hepatitis
C [32]. Serum B12 levels positively correlated with AST, ALT, baseline viral load, stage of fibrosis,
and favorable interferon-λ3/4 rs12979860 genotypes. However, they were found to be inversely
correlated with sustained virological response, as well as with rapid virological response.

Moreover, Goel et al. [33] found higher serum levels of vitamin B12 in patients with cryptogenic
cirrhosis when compared to patients with idiopathic non-cirrhotic intrahepatic portal hypertension
(NCIPH), therefore suggesting that B12 levels may be used as a differentiating marker between the
two pathologies. Similarly, levels of vitamin B12 were also found to be significantly higher in patients
with alcoholic liver cirrhosis than in matching healthy individuals [34]. Nevertheless, when taking into
account the relevance of these results to the findings in our study, it should be noted that the majority
(96%) of NASH patients in our study did not have cirrhosis. Therefore, it could be surmised that while
low levels of vitamin B12 may predict the development of a severe form of NASH, high levels may
indicate the commencement of end stage liver disease.
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The relationship between serum vitamin B12 levels and insulin resistance has been widely
addressed in the literature, yet remains controversial. Our study found that levels of vitamin B12
are inversely correlated with HOMA-IR, which is a known risk factor for NAFLD development [35].
This illustrates the probability that low serum levels of vitamin B12 might play a pathogenic part
in NAFLD development. Similar findings regarding the ability of low levels of vitamin B12 and
folate to predict insulin resistance were reported by Li et al. [36], however it should be noted that
this study was conducted on obese subjects. Despite these compelling results, other studies did not
detect a link between low vitamin B12 levels and insulin resistance or metabolic syndrome, whereas a
correlation was found with obesity and being overweight [37]. Gammon et al. [38] reached an identical
conclusion when assessing the relationship between insulin resistance and vitamin B12 levels in a
vegetarian population.

Our study has several limitations which ought to be properly addressed. The major drawback is
the cross-sectional study design which, due to its very nature, does not enable the deduction of causal
inferences with regard to the relationship between vitamin status and NASH in terms of development
and pathophysiology. Another limitation is the lack of data concerning patient co-morbidities and
drugs regimens.

5. Conclusions

NASH is a chronic liver condition which imposes a dramatic burden, both in epidemiological and
clinical terms. Our study demonstrated that low levels of folate (B9) and vitamin B12 can be used as
independent predictors of the histological severity of NASH. Thus, these findings may have practical
implications in the follow-up and prognosis assessment of NASH patients. Further studies regarding
the pathological role of low folate and B12 levels in NASH development are warranted.
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Abstract: Background: Non-alcoholic fatty liver disease (NAFLD) is associated with inefficient macro-
and micronutrient metabolism, and alteration of circulating phospholipid compositions defines
the signature of NAFLD. This current study aimed to assess the pattern of serum phospholipids
in the spectrum of NAFLD, and its related comorbidities and genetic modifications. Methods:
97 patients with diagnosed NAFLD were recruited at a single center during 2013–2016. Based on
histological and transient elastography assessment, 69 patients were divided into non-alcoholic
steatohepatitis (NASH) and non-alcoholic fatty liver (NAFL) subgroups. 28 patients served as healthy
controls. Serum phospholipids were determined by liquid-chromatography mass spectrometry
(LC-MS/MS). Results: The total content of phosphatidylcholine (PC) and sphingomyelin in the
serum was significantly increased in NAFL and NASH patients, compared to healthy controls.
In addition, serum lysophospatidylethanolamine levels were significantly decreased in NAFL and
NASH individuals. Circulating PC species, containing linoleic and α-linolenic acids, were markedly
increased in NAFLD patients with hypertension, compared to NAFLD patients without hypertension.
The pattern of phospholipids did not differ between NAFLD patients with diabetes and those without
diabetes. However, NAFLD patients with hyperglycemia (blood glucose level (BGL) >100 mg/dL)
exhibited significantly a higher amount of monounsaturated phosphatidylethanolamine than those
with low blood glucose levels. In addition, NAFLD patients with proven GG-genotype of PNPLA3,
who were at higher risk for the development of progressive disease with fibrosis, showed lower levels
of circulating plasmalogens, especially 16:0, compared to those with CC- and CG-allele. Conclusions:
Our extended lipidomic study presents a unique metabolic profile of circulating phospholipids
associated with the presence of metabolic risk factors or the genetic background of NAFLD patients.

Keywords: non-alcoholic fatty liver disease; NAFLD; phospholipids; metabolic disease

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic liver
disease in the western world, and is linked to increasing prevalence of obesity and diabetes [1,2].
One of the major contributors to this issue is overconsumption with an inefficient metabolism of
macro- and micronutrients, affecting immune response and consequently leading to chronic liver
disease [3]. NAFLD extends from lipid accumulation in the liver (non-alcoholic fatty liver (NAFL))
to non-alcoholic steatohepatitis (NASH), which may progress to liver cirrhosis and end-stage liver
disease [4,5]. Disturbed hepatic lipid metabolism is a hallmark of NAFLD. Certain lipids, such as
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diacylglycerol, free fatty acids and ceramides, seem to mediate inflammatory pathways leading to
lipotoxicity and oxidative stress, which finally may contribute to disease progression [6]. Previous
metabolic studies have provided new insights into altered phospholipid metabolism in NAFLD,
implicating an important pathophysiological role for this lipid class [7–9]. Puri et al. showed a
significant decrease of hepatic phosphatidiylcholine (PC) levels and hepatic lipid subclasses containing
arachidonic acid (AA) in NAFLD patients [7]. The progression of NAFL to NASH is characterized by
an altered monounsaturated (MUFA) and n3- and n6-polyunsaturated (PUFA) metabolism, probably
due to deranged activities of δ-5, -6, and -9 desaturases, as well as by an impaired PUFA oxidation
process, leading to an increase in the total plasma content of non-enzymatic autoxidation products
of PUFA lipids, e.g. 11-Hydroxyeicosatetraenoic acid (11-HETE) [7,10], 9-Hydroxyoctadecadienoic
acid (9-HODE) and 13-Hydroxyoctadecadienoic acid (13-HODE) [11] or 20-carboxy arachidonic acid
(20-COOH AA) [12]. NAFLD is associated with different clinical manifestations of the metabolic
syndrome, including obesity, diabetes and hypertension [2,5]. Development of hepatic steatosis and
progression to NASH is also linked to genetic background. Genetic association studies recently
suggested that the G-allele in patatin-like phospholipase-3 (PNPLA3), which encodes adiponutrin,
is strongly associated with hepatic fat content, and more importantly, promotes the susceptibility to
develop advanced disease stages with fibrosis [13,14]. Thus, the aim of the present study was to extend
lipidomic analysis data on the spectrum of NAFLD, and its associated comorbidities as well as its
genetic modifications. Therefore, we performed lipidomic profiling in the serum of healthy controls
and patients with NAFLD in order to (1) quantify and compare different circulating phospholipid
metabolites; (2) to analyze phospholipids in NAFLD-associated metabolic diseases; and finally to (3)
study the association between specific circulating lipids and PNPLA3 polymorphism.

2. Materials and Methods

2.1. Study Cohort

97 patients were recruited from the Department of Internal Medicine at the University Hospital of
Heidelberg from 2013–2016. 28 patients served as healthy controls. These control patients had normal
liver enzyme levels and did not have any record of liver disease, and therefore showed no indication
for liver biopsy. All individuals had routine clinical and hematological examinations. NAFLD was
suspected by the presence of elevated liver enzymes and after exclusion of other causes of liver disease
(e.g., viral or autoimmune hepatitis, M. Wilson, hemochromatosis, significant alcohol use). In addition,
ultrasound examinations and transient elastography with FibroScan® 502 Touch (Echosens™) were
conducted. Liver biopsy was performed in 41 patients. The diagnosis of NASH was based on the
following criteria: (1) Elevated liver enzymes (AST > 46 U/L, ALT > 50 U/L); (2) hepatic steatosis on
ultrasound; and (3) histological examination or (4) elevated Fibroscan results (>7 kPa). 42 patients
were assigned to the NASH cohort according to these criteria. 25 patients were included in the NAFL
group: 5 patients because of liver histology results and 20 patients who exhibited only one or two of
the above mentioned criteria. Blood samples of the 97 patients were taken and immediately prepared,
and stored at −80 ◦C for further analysis, as shown below. Genotype of the PNPLA3 rs738409 gene of
52 patients was investigated after patient informed consent. The institutional review board approved
the study.

2.2. Profiling of Phospholipids and Sphingolipids

The patterns of phospholipids and sphingolipids were determined by using XBridge C18
Column from Waters, Milford, MA, USA and HPLC-ESI/MSMS (triple-quadrupole Micro Mass
Quattro 81 Premier, Waters, Milford, MA, USA, coupled with HTC Pal auto sampler, CTC Analytics,
Zwingen, Switzerland), as described in Jiao et al. [15]. In brief, a constant amount of internal
standards, containing 17:0 lysophosphatidylcholine (lysoPC), 14:0/14:0 phosphatidylcholine (PC),
12:0/12:0 phosphatidylethanolamine (PE), and 17:0 Ceramide (Cer), were added to each serum sample.
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A classical Folch method, which uses chloroform/methanol (3:2, v/v), was applied to the glass
tubes [16]. After evaporation, lipid extracts were resolved in methanol and were analyzed using
HPLC-ESI/MSMS. For the purpose of data acquisition and processing, Masslynx version 4.1 software
(Waters, Milford, MA, USA) was used.

2.3. Data Analysis

Data are presented as mean ± SEM and were analyzed with GraphPad Prism 5.0 (GraphPad
Software, La Jolla, CA, USA). Groups were compared using unpaired two-tailed students’ t-test.
One-way ANOVA, including Bonferroni post-hoc test, was used for comparing three or more groups.
A p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Baseline Characteristics

The study population included 69 patients, who presented at the Department of Internal Medicine
at the University Hospital of Heidelberg with the suspected diagnosis of NAFLD. 28 patients served
as healthy controls. All patients underwent clinical examination, laboratory data were collected and
additionally, ultrasound examinations and transient elastography were performed. Forty-one patients
underwent liver biopsy. According to the histological assessment, 5 patients were diagnosed with
NAFL and 34 patients were grouped as NASH patients. Two patients were excluded from the study,
as they had no pathological findings indicating NAFLD. Based on Fibroscan values (F2–F4), further
8 patients were added to the NASH group. 20 patients were included in the NAFL cohort, as they
presented with Fibroscan values under F2. NASH (n = 42) and NAFL (n = 25) patients had significantly
higher levels of liver enzymes, triglycerides and total cholesterol in comparison to healthy controls
(n = 28) (Table 1).

Table 1. Baseline characteristics and laboratory results from healthy controls, NAFL and
NASH patients.

Control (n = 28) NAFL (n = 25) NASH (n = 42)

Age (years) 39.4 ± 2.6 46.4 ± 2.9 43.7 ± 2.2
Sex (M/F) 13/15 14/11 29/13
AST (U/L) 20.7 ± 1.3 43.6 ± 5.8 *** 55.3 ± 6.0 ***
ALT (U/L) 22.0 ± 1.7 68.9 ± 7.9 *** 86.3 ± 9.5 ***
GGT (U/L) 21.8 ± 2.4 144.4 ± 24.6 *** 218.1 ± 49.6 **

Bilirubin (mg/dL) 0.6 ± 0.04 0.9 ± 0.2 1.4 ± 0.6
Triglycerides (mg/dL) 83.4 ± 5.9 152.2 ± 12.6 *** 187.3 ± 14.6 ***

Total cholesterol (mg/dL) 182.2 ± 9.0 213.2 ± 7.8 * 169.3 ± 12.2
HDL cholesterol (mg/dL) 54.7 ± 3.9 53.1 ± 3.7 46.7 ± 2.2
LDL cholesterol (mg/dL) 110.8 ± 6.4 128.2 ± 6.6 113.3 ± 6.2

M = Male, F = Female, AST = Aspartate aminotransaminase, ALT = Alanine aminotransaminase,
GGT = Gamma-glutamyl transpeptidase, HDL = High-density lipoproteins, LDL = Low-density lipoprotein. Values
are represented in mean ± SEM. p-values vs. control. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

3.2. Increase of Circulating PC and Sphingomyelin and Decrease of Phosphatidylethanolamine in NAFL
and NASH

By using LC-MS/MS, we identified and quantified 140 species of phospholipids and
sphingomyelin (SM) in the serum. The total content of PC and SM in the serum was significantly
increased in NAFL and NASH patients, compared to healthy controls (Figure 1A,C). Contrary to
PC, the level of lysophosphatidylcholine (LPC) showed a trend to be decreased in both the NAFL
and NASH groups, without reaching significance (Figure 1D). Circulating phosphatidylethanolamine
(PE) was elevated in patients with NASH, compared to those with NAFL (Figure 1B). The amount
of lysophosphatidylethanolamine (LPE) was significantly decreased in NAFL and NASH patients in
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comparison to controls (Figure 1E). The level of phosphatidylinositol (PI) and plasmalogens did not
differ between all groups (Figure 1F,G).

Figure 1. Circulating phospholipids in control (n = 28), NAFL (n = 25) and NASH (n = 42) cohorts.
Results of lipid profiling of 95 patients by using LC-MS/MS method. Patients were divided in NAFL
and NASH cohorts. 28 patients served as healthy control. Quantification of (A) PC; (B) PE; (C) SM;
(D) LPC; (E) LPE; (F) PI; and (G) plasmalogens in the serum of healthy, NAFL and NASH patients
in ng/mL serum. All the values are presented in mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
n.s. = not significant (p > 0.05).

3.3. Altered Phospholipid Composition in NASH Patients with Metabolic Risk Factors

We investigated the contribution of phospholipid species in NAFLD-associated comorbidities.
NAFL and NASH patients were enrolled in groups regarding the presence of diabetes, hypertension
and obesity. Interestingly, NAFLD patients with hypertension exhibited significantly higher levels of
PC and SM (Figure 2A,B) in the serum than NAFLD patients without hypertension. Circulating PC
species, containing linoleic acids (PC 34:2, PC 36:2, PC 38:2) and α-linolenic acids (PC 34:3, PC 36:3,
PC 38:3), were markedly increased in these patients, whereas those containing arachidonic acid
remained unaffected (Figure 2D–G). The sum of phospholipids, including PC, PE and SM, did not
differ between diabetes (n = 18) and non-diabetes NAFLD patients (n = 49) (Figure 3A). However,
further analysis revealed a correlation between MUFA-PE and hyperglycemia within the NAFLD
cohort. 16 patients with a blood glucose level (BGL) over 100 mg/dL showed higher levels of serum
PE, which was due to a significant elevation of MUFA-PE, whereas PUFA-PE remained unchanged
(Figure 3B). Obese NAFLD patients (body mass index (BMI) > 30 kg/m2) showed no significant
differences, compared to healthy (BMI < 25 kg/m2) and overweight (BMI 25–30 kg/m2) NAFLD
patients (Supplementary Materials Figure S1).
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Figure 2. Overview of circulating phospholipids in NAFLD patients with and without hypertension.
NAFLD patients were divided into patients with hypertension (with H; n = 24) and without
hypertension (without H; n = 43). (A) Quantification of circulating PC and SM is represented in
ng/mL serum. (B) Distribution of PC subtypes, namely saturated, mono- and poly-unsaturated PC
levels, are displayed in these two groups in ng/mL serum. The total content of PC is evaluated as a
sum of saturated and unsaturated PC. (C–E) Circulating PC, containing linoleic acids (PC 34:2, PC 36:2,
PC 38:2) and α-linolenic acids (PC 34:3, PC 36:3, PC 38:3), are compared between hypertensive and
normotensive NAFLD patients. (F,G) The amount of arachidonic acid (PC 20:4, 22:4 and 22:6) in PC is
demonstrated in this graphic. All the values are presented in mean ± SEM. * p < 0.05, ** p < 0.01.

Figure 3. MUFA-PE is increased in NAFLD patients with hyperglycemia. (A) Quantification of
circulating PC, PE and SM in ng/mL serum in NAFLD patients who were divided into patients with
diabetes mellitus (DM; n = 18) and without diabetes mellitus (no DM; n = 49). (B) Quantification of
total PE, PUFA-PE and MUFA-PE in ng/mL serum in NAFLD patients with a BGL over 100 mg/dL
(BGL > 100; n = 16) or under 100 mg/dL (BGL < 100; n = 22). All the values are presented in mean ±
SEM. * p < 0.05, ** p < 0.01.

26



Nutrients 2018, 10, 649

3.4. Reduction of Circulating Plasmalogens in Patients with PNPLA3 GG-Genotype

Genetic analysis regarding the determination of the PNPLA3 rs738409 genotype was performed
in 52 NAFLD patients. Lipid profiling of these patients showed lower levels of total plasmalogens,
especially 16:0 and 18:1, in patients with PNPLA3 GG-genotype (n = 14), compared to those with CC-
(n = 20) or CG- (n = 18) allele (Figure 4).

Figure 4. Association between plasmalogens and PNPLA3 gene polymorphism. The PNPLA3 rs738409
genotype was determined in 52 NAFLD patients. The total level of plasmalogen was the sum of
plasmalogen 16:0, 18:0 and 18:1. The amount of these plasmalogen subtypes was quantified in NAFLD
patients with GG- (n = 14), CC- (n = 20) and CG-allele (n = 18) of PNPLA3. Circulating plasmalogen
subclasses are displayed in ng/mL serum. All the values are presented in mean ± SEM. * p < 0.05.

4. Discussion

It is well known that NAFLD is the hepatic manifestation of the metabolic syndrome [1].
Our extended lipidomic analysis provides an insight into the complex changes in circulating lipid
patterns and lipid levels related to NAFLD-associated metabolic risk factors, as well as to the individual
genetic background, potentially provoking metabolic and immunomodulatory responses in liver.

It has been recently discovered that altered PC metabolism is involved in the progression of
human NAFL to NASH [7]. We also confirm hereby that the content of circulating PC is increased
in NAFL and NASH patients, compared to healthy controls. We could not measure a significant
change in the PC product, i.e., LPC in our cohorts. One possible explanation is the further utilization
of LPC, e.g., by autotaxin. It has been recently reported that plasma autotaxin levels are increased
in different chronic liver diseases, including NASH [17]. Total PE content was elevated in NASH
patients, compared to NAFL in our study. However, data on PE analysis were inconsistent. Puri et al.
and Wattacheril et al. showed that PE levels seemed to be unchanged in NASH compared to healthy
liver [7,9], but as recently presented by Ma et al., accumulation of PE could be associated with disease
progression [18].

However, we discovered that LPE might serve as a novel biomarker for NAFL and NASH,
as this phospholipid subgroup was significantly reduced in the NAFLD cohort. We suggest that
the lack of LPE and consequently the inability to further metabolize LPE to PC, can lead to disease
progression. To compensate the decrease of hepatocellular PC, therapeutic approaches, including
PC supplementation by food intake, were conducted [19]. Stremmel et al. showed a protective and
anti-inflammatory role of topical PC in chronic ulcerative colitis [20]. However, the treatment of liver
diseases with PC was not as successful in humans as in mouse models, because a replenishment of
high PC levels in hepatocytes was not easily achievable [21,22]. As direct application of PC is of no
therapeutic benefit, pro-drugs, serving as PC precursors, have been developed [23,24]. For instance,
our group synthetized a drug candidate, which consists of the bile acid (UDCA) and the PC precursor
LPE [25], and which owns hepatoprotective and anti-inflammatory functions in a high fat diet mouse
model of NAFLD by changing hepatic fatty acid composition [24,26].
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Our LC-MS/MS analyses revealed that circulating PC, containing linoleic (LA) and α-linolenic
acids (ALA), was increased in NAFLD patients with hypertension. With changing nutritional
behavior over the last few decades, western diet is now characterized by high fat diet and suboptimal
micronutrient intake [3]. In particular, intake and metabolism of essential fatty acids are relevant
to the pathogenesis of different chronic diseases [27,28]. Essential PUFAs, which are not produced
by the human body, include LA and ALA [19,29]. Few epidemiological studies suggest a positive
impact of dietary intake of essential PUFAs on cholesterol profiling or blood pressure [19,30]. However,
these associations seem to be inconsistent in the literature, as other investigations imply the opposite
effect or do not recognize any difference [27,31]. Additionally, an excess of LA can lead to adverse
effects because of an increase of oxidized LA metabolites [29]. For instance, oxidized LDL compounds
derive from LA and contribute to atherosclerosis [32]. In vitro studies demonstrate pro-inflammatory
properties of LA, during liver injury by stimulating endoplasmatic reticulum stress and hepatocyte
apoptosis and by increasing pro-inflammatory cytokines, such as TNFα, which leads to Kupffer
cell activation [33,34]. Accordingly, in clinical settings, oxidized derivates of LA, such as 9- and
13-HODE, are correlated with NASH [11]. LA and ALA can also be converted to arachidonic acids [29],
which remained unaltered in our cohorts. Our data indicate a positive association between circulating
essential fatty acids and NAFLD-associated hypertension.

Although we did not discover lipid alterations by comparing diabetes and non-diabetes NAFLD
patients, further analysis regarding BGLs revealed an increase of PE, especially MUFA-PE, in NAFLD
patients with a BGL over 100 mg/dL. Glycation of PE could lead to an Amadori-linked product, which
could induce lipid peroxidation. The level of Amadori-PE was increased in diabetic patients and
was considered as a possible marker of a hyperglycemic condition, particularly in the early stage of
diabetes [35,36].

In our next step, our lipid profiling in the NAFLD group identified a decrease of plasmalogens in
patients with the GG-genotype of PNPLA3, compared to those with the CC- and CG-genotypes.

Recent studies highlighted a strong association between a variant (rs738409 C>G p. I148M)
in the PNPLA3 gene and steatosis, fibrosis and the development of hepatocellular carcinoma in
multiple chronic liver diseases, including metabolic disorders, alcoholic liver disease and chronic viral
hepatitis. The I148M substitution represents a loss of function mutant that contributes to triglyceride
accumulation in hepatocytes, which may lead to increased lipid peroxidation and oxidative stress
(lipotoxicity) [37,38]. A recent study by Carpino et al. analyzed serum from NAFLD patients with
I148M variant, showing high levels of serum systemic oxidative stress markers, such as F2-isoprostanes
and Nox2 activity [37].

Plasmalogens are synthesized in peroxisomes and prevent cellular damage induced by oxidative
stress, and thus, seem to have anti-inflammatory functions [39,40]. As recently published by Jang and
colleagues, endogenous hepatic plasmalogens appear to be involved in fatty acid metabolism and
inhibit steatosis and NASH progression through PPARα-dependent signaling [41]. It is known that
oxidative stress-induced peroxisome dysfunction limits plasmalogen biosynthesis, and thus, attenuates
the release of plasmalogens to the blood [39]. Puri et al. reported low circulating serum plasmalogen
levels in patients presenting with NASH in their lipidomics study [10].

Interestingly, we discovered a positive association of PNPLA3 I148M carriers and low levels of
circulating plasmalogens, compared to patients with CC- or CG-genotype. This observation suggests
a possible pathogenetic link on the cellular level, underlining the association between triglyceride
accumulation, oxidative stress, peroxisome dysfunction and accordingly, defects of plasmologens
biosynthesis. Moreover, their loss of function may aggravate NASH progression. This molecular
mechanism between PNPLA3 I148M mutant and plasmologens still remains unclear and needs to be
elucidated in further experimental and clinical studies.

In recent publications, the most frequently used categorization of NAFLD patients in NASH and
NAFL was due to histological assessment. In our cohort study, 28 patients denied liver biopsy in spite
of medical recommendation. Ultrasound examination and transient elastography with Fibroscan were
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performed in all sessions. Therefore, 39 patients could be divided in NAFL and NASH subgroups
based on histological analyses. Eight patients exhibited liver stiffness >F2 by transient elastography
and were included to the NASH group. This kind of categorization may lead to sample selection
bias. However, lipid profiling in 39 patients with only histological assessment revealed a significant
increase of high levels of PC and SM and a marked decrease of LPE in the NASH cohort (34 patients),
compared to healthy controls, consistent with the lipid analysis in our groups with results of histology
and transient elastography. No significant deviation could be detected between NAFL and control
patients. It should be noted that only 5 individuals from 39 patients with histological analyses could
be assigned to the NAFL group (Supplementary Materials Figure S2).

5. Conclusions

In summary, this lipidomic profiling investigated circulating phospholipid metabolites in
NAFLD patients. This current study confirmed that PC is significantly increased in the serum
of NASH patients and is identified as a possible novel biomarker in the pathogenesis of NAFLD,
namely LPE. Our analysis elucidated lipidomic alterations in NAFLD patients with hypertension,
demonstrating a key role for PC species containing essential fatty acids in NAFLD-associated
hypertension. Furthermore, metabolic profiling in this NAFLD cohort determined a correlation
between high levels of MUFA-PE and hyperglycemia. Finally, we discovered a link between low levels
of circulating plasmalogens and NAFLD patients with the unfavorable GG genotype of PNPLA3.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/5/649/s1.
Figure S1: Comparison of phospholipid subclasses in NAFLD-associated obesity. Figure S2: Quantification of PL
species in healthy controls (n = 28), NAFL (n = 5) and NASH (n = 34) cohorts.
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Abstract: Oxidative stress is being recognized as a key factor in the progression of chronic liver disease
(CLD), especially non-alcoholic fatty liver disease (NAFLD). Many NAFLD treatment guidelines
recommend the use of antioxidants, especially vitamin E. Many prospective studies have described
the beneficial effects of such agents for the clinical course of NAFLD. However, as these studies
are usually short-term evaluations, lasting only a few years, whether or not antioxidants continue
to exert favorable long-term effects, including in cases of concomitant hepatocellular carcinoma,
remains unclear. Antioxidants are generally believed to be beneficial for human health and are often
commercially available as health-food products. Patients with lifestyle-related diseases often use such
products to try to be healthier without practicing lifestyle intervention. However, under some
experimental NAFLD conditions, antioxidants have been shown to encourage the progression
of hepatocellular carcinoma, as oxidative stress is toxic for cancer cells, just as for normal cells.
In this review, we will highlight the paradoxical effects of antioxidants against NAFLD and related
hepatocellular carcinoma.

Keywords: non-alcoholic fatty liver disease; hepatocellular carcinoma; anti-oxidant

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver disease associated with
obesity and metabolic syndrome [1,2]. The deposition of lipids in the liver induces inflammation,
insulin resistance, and hepatic steatosis [3]. Non-alcoholic steatohepatitis (NASH) is a severe form of
NAFLD that causes cirrhosis and hepatocellular carcinoma (HCC) because of persistent inflammation
associated with hepatic steatosis [4,5]. The mechanism underlying the development of NASH from
simple steatosis, namely non-alcoholic fatty liver (NAFL), has been considered as either a two-hit
theory or a multiple hit-process [6–8]. The two-hit theory comprises a first hit of hepatic steatosis and
second hit of several cellular stress responses, such as oxidative stress or endoplasmic reticulum (ER)
stress. Given that the second hits are multifactorial and hepatic steatosis may be induced via hepatic
inflammation, the process has recently been expressed as a multiple parallel hit process or multiple hit
process [8].

Oxidative stress is a cellular stress associated with NASH progression. Reactive oxygen species
(ROS) are generated during free fatty acid metabolism in microsomes, peroxisomes, and mitochondria,
and comprise an established source of oxidative stress [9]. Oxidative stress is increased through
the generation of ROS, as well as by defects in redox defense mechanisms involving glutathione
(GSH), catalase or superoxide dismutase (SOD), and it induces various events related to not only
NASH progression but also carcinogenesis such as DNA damage, tissue remodeling, and alterations
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in gene expression [10,11]. Mitochondria play a key role in the development of oxidative stress,
and the dysfunction of mitochondria may induce NASH progression. Some reports have shown that
antioxidant therapies, such as vitamin E, improve NASH, but the mechanism, especially concerning
malignant tumor progression, and long-term outcomes are not clear [12,13].

In the present study, we reviewed the relationship between antioxidant nutrients and NASH
progression including the carcinogenic risk.

2. The Relationship between NAFLD and Oxidative Stress

Oxidative stress is strongly related to chronic hepatic inflammation, and NAFLD/NASH is no
exception, being included in the “second hit” of NASH progression as well as apoptosis, ER stress,
and intestinal environment. It is widely known that oxidative stress functions as an important regulator
of the progression of liver steatosis [14–16]. Various cellular stresses, including oxidative stress,
apoptosis, and gut-derived signals such as lipopolysaccharide (LPS), trigger an inflammatory response
and progressive liver damage [17]. Chronic oxidative stress correlates with a variety of pathologies
such as malignant diseases, diabetes mellitus, cardiovascular diseases, chronic inflammatory diseases,
and aging acceleration. Oxidative stress is caused by the generation of ROS, which have various
causes, including interactions among gut microbiota. When excess ROS are produced excessively or
the endogenous antioxidant capacity is diminished, indiscriminate oxidation elicits harmful effects
resulting in oxidative stress [18].

Insulin resistance and dyslipidemia are widely accepted as disease progression factors in
NAFLD [7]. Insulin signals suppress gluconeogenesis and enhance lipid synthesis in the liver.
A human hepatic mRNA analysis revealed that the expression of insulin receptor substrate (IRS)-2,
which mediates the effects of insulin by acting as a molecular adopter, was decreased while that
of gluconeogenesis enzymes was increased in both NAFL and NASH [19]. Insulin resistance is
clinically evident in the advanced stage of NAFLD; however, hepatic insulin resistance at the molecular
level started from the NAFL stage. Altered cholesterol homeostasis such as increased cholesterol
synthesis and uptake or reduced cholesterol excretion have been shown in NAFLD [20]. The hepatic
free cholesterol accumulation has been shown to damage mitochondria and ER function thereby
inducing hepatic inflammation and fibrosis [21]. Lipoprotein lipase (LPL), a key regulator of fatty acid
release from triglyceride-rich lipoproteins, controls the cellular uptake of fatty acid and triglyceride
accumulation [22]. The inhibition of LPL may prevent the accumulation of hepatic lipid [23].

Changes in the alimentary tract environment, which is connected to the liver via the portal vein,
including the oral microbiota to the intestinal and colorectal microbiota have been shown to be strongly
related to various diseases. The gut microbiota, which comprise various species such as Bifidobacterium,
Bacteroides, Clostridium, Lactobacillales, and Prevotella, produce endogenous ethanol that induces the
formation of ROS by hepatic stellate cells and Kupffer cells [24]. The composition of the microbiota
depends on the age, health history, food intake, and probiotics consumed [25]. The food intake strongly
correlates with dyslipidemia and is a crucial factor to consider when deciding on treatments for
NAFLD, as it influences the gut microbiota [26].

An imbalance in the microbiome can affect the intestine and liver via microbiota-related signaling
pathways such as toll-like receptor (TLR) signaling activation. LPL can also be suppressed by a fasting-
induced adipose factor, which is regulated by the gut microbiota via TLR ligands [7,27]. A TLR-4 ligand
LPS is liberated from the outer membrane of Gram-negative bacteria and binds to lipopolysaccharide
binding protein (LBP). These ligands stimulate TLR signals, including nuclear factor kappa (NF-kB) with
cluster of differentiation (CD) 14, and induce the production of inflammatory cytokines [28]. LPS is
increased by a high-fat, high-calorie diet, as well as dyslipidemia and insulin resistance, which are
related to NASH progression. The involvement of TLR-2 in NASH inflammation and fibrosis has been
investigated in mouse NASH models [29]. A serum multiple cytokine analysis revealed that the levels
of the chemokine interferon gamma inducible protein 10 (Interferon gamma-induced protein (IP)-10;
C-X-C motif chemokine (CXCL)-10 increased stepwise from healthy volunteers to NAFL and NASH
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patients. A TLR-2 ligand peptidoglycan in combination with an in vitro insulin resistance condition (i.e.,
high glucose with insulin in the culture medium) increased the expression of IP-10 mRNA, indicating the
importance of insulin resistance with bacterial signals in NASH progression [30]. Therefore, the diet helps
to establish a close relationship among the gut microbiota, oxidative stress and NAFLD/NASH.

3. Treatments for NAFLD/NASH

The treatment strategy of NAFLD involves intervention with diet, exercise, and drugs [13,31–34].
Lifestyle interventions, including diet and exercise, are strongly related to insulin resistance and
dyslipidemia. A randomized, controlled trial testing simple weight loss gain by lifestyle intervention
using a combination of diet, exercise, and behavior modification resulted in NASH pathological
improvement [35]. Insulin resistance has been shown to be an independent predictor of NASH
in biopsy-proven cases that were likely to be controllable by any method, including lifestyle
intervention [36]. Dyslipidemia has various causes, such as hereditary predisposition, a sedentary
lifestyle, and a high calorie intake. The improvement of dyslipidemia may resolve NASH progression,
and nutritional support, such as low-fat and low-calorie diets, holds a prominent position in treatment
approaches [37,38].

Vitamin E is the most commonly used antioxidant treatment for NASH [39]. Pioglitazone,
an antihyperglycemic drug, is reported to ameliorate liver injury and fibrosis in patients with NASH
with and without diabetes [33]. Sanyal et al. reported that vitamin E therapy was effective for NAFLD
improvement compared with pioglitazone and placebo and recommended antioxidant treatment as
well as lifestyle intervention, bariatric surgery, dyslipidemia treatment, and diabetes treatment [13].
On the basis of these data, the American Association for the Study of Liver Diseases (AASLD)
recommends treating NASH with vitamin E [40]. However, the Treatment of NAFLD in Children
(TONIC) randomized trial showed that neither metformin nor vitamin E improved the liver function
in patients with NAFLD [41]. A meta-analysis of randomized controlled trials revealed that vitamin
E and pioglitazone but not metformin improved the histological activity of NASH [42]. However,
the efficacy of these drugs is still controversial, and further clinical studies including assessments of
long-term outcomes should be conducted.

Probiotics are reported to be a promising treatment option for NAFLD, improving the liver
function, obesity, and insulin resistance [43]. Shavakhi et al. reported that metformin in combination
with probiotics improved liver inflammation to a significantly greater degree than metformin alone [44].
This effect may be caused by the association between the gut microbiota and liver, which receives
blood from the intestine through the portal vein.

Surgical treatments, such as bariatric surgery and liver transplantation, are conceivable treatments
for NAFLD/NASH. Bariatric surgery for obesity is effective for improving NASH, as weight loss can
improve dyslipidemia and hepatic fibrosis [45,46]. It also decreases the mortality rate due to diabetes,
cardiology events, and malignant tumors. Liver transplantation is another treatment option for
NAFLD/NASH related end-stage cirrhosis [47]. However, NASH can occur after liver transplantations,
and continuous medical approaches are needed [48].

4. Carcinogenesis and Cancer Progression in Correlation with Oxidative Stress and
Antioxidant Treatment

Hepatocellular carcinoma (HCC) is the major malignant liver tumor and the main cause of death
in NAFLD/NASH patients. Oxidative stress is strongly associated with hepatocarcinogenesis and
cancer progression. However, the effects on cancer-free patients and patients with HCC are likely
different. Oxidative stress has a driving effect on carcinogenesis while also exerting toxicity against
cancer cells. This contradiction will be discussed in this section.
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4.1. Oxidative Stress in NASH-Hepatocarcinogenesis

Oxidative stress is reported to induce various events related to carcinogenesis such as DNA
damage, tissue remodeling, and alterations in gene expression [11,49,50]. ROS production is stimulated
by inflammatory factors, and oxidative stress promotes oncogenic transformation due to DNA-damage.
ROS activates various pathways, such as Wingless-type MMTV intefration site family (Wnt) /β-catenin,
NF-kB, or myc proto-oncogene protein (c-Myc)/Transforming growth factor (TGF)-α. This activation
also occurs in carcinogenesis in liver cancer. Inducible nitric oxide synthase (iNOS), which produces
nitrogen monoxides (NO), correlates with chronic inflammation, cell proliferation, DNA repair,
migration, and angiogenesis [51]. The iNOS activity is important for endothelial stress gene expression,
which protects against oxidative stress, and may be the key modulator of hepatocarcinogenesis.

8-hydroxydeoxyguanosine (8-OHdG), which is produced by DNA-damage with ROS, reflects the
amount of oxidative stress and generates a point mutation in DNA double strands. Kawanishi et al.
reported that 8-OHdG, which is a reliable marker for oxidative stress in the liver, strongly correlates
with infection-related carcinogenesis via chronic inflammation [52]. Seki et al. reported that the 8-OHdG
expression in the liver tissue is related to the pathological features of NAFLD and hepatocarcinogenesis [53].

Adenosine monophosphate activated protein kinase (AMPK) is a highly conserved heterodimeric
serine-threonine kinase that plays a role in cellular energy homeostasis and different fundamental
cellular processes such as the cellular proliferation, survival, and metabolism. It serves as an energy
sensor in eukaryotic cells and bridges metabolism to carcinogenesis [54]. Its activated form (phospho
(p)-AMPK) is down-regulated in HCC tissues from patients and low levels of p-AMPK correlate with
a poor prognosis, indicating the importance of AMPK signaling in HCC [55]. AMPK signaling has
recently been indicated to correlate with inflammatory responses, as the energy metabolism in immune
cells is related to immunoregulation [56]. Under many oxidative stress-related conditions, such as
diabetes or dyslipidemia, a diminished AMPK activity has been shown to be associated with tissue
oxidative stress [57,58].

As mentioned above, oxidative stress is linked to the progression from NAFLD to HCC.
The correlation of AMPK and clinical conditions encourage us to control AMPK as a cancer regulator.

4.2. Antioxidant Treatment Effects on Prevention of NASH-Hepatocarcinogenesis

Given that advanced chronic liver disease is the strongest risk factor for hepatocarcinogenesis,
antioxidant treatments can be an important approach to preventing HCC development from
NASH. The effect of these agents concerning whether they have the properties to protect against
hepatocarcinogenesis should include an improvement in liver fibrosis improvement.

Vitamin E was reported to prevent hepatocarcinogenesis via the down-regulation of iNOS
and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [59]. Many clinical studies
have reported that vitamin E improves NAFLD and prevents the development of HCC [13,60–62].
However, these studies were all performed over a relatively short period (i.e., within two years).
Hepatocarcinogenesis progresses from NAFL/NASH to cirrhosis over a long period of time,
and middle-aged men carry risks of hepatocarcinogenesis even at an early stage of NAFLD [63].
The long-term outcomes must be evaluated in order to judge the true efficacy of antioxidant therapy
for NASH-hepatocarcinogenesis.

Many candidate antioxidant agents may show favorable effects on NASH and NASH-
related hepatocarcinogenesis.

Anti-diabetic agents such as metformin, pioglitazone, glucagon-like peptide 1-receptor agonists
(GLP-1 RAs), and dipeptidyl-peptidase-4 inhibitors (DPP-4Is) were recently found to show favorable
effects on the NAFLD clinical course [7,64,65]. Metformin and pioglitazone in particular are regarded
as anti-oxidant agents. Metformin is the most well-studied AMPK-activating agent. Metformin-related
AMPK pathway activation is involved in many cell types including T cells, B cells, hepatocytes,
and even liver fibrosis-inducing hepatic stellate cells (HSCs). In in vitro and in vivo models (mice),
metformin suppressed alpha smooth muscle actin (α-SMA) expression via AMPK activation and the

35



Nutrients 2018, 10, 977

inhibition of the succinate-related pathway in (HSCs) [66]. HSC activation is an important step in
hepatocarcinogenesis. In addition, metformin induces the production of the antioxidant enzyme,
heme oxygenase-1 (HO-1) in human endothelial cells via the nuclear factor erythroid 2-related factor
(Nrf2) signaling pathway [67]. Determining metformin’s long-term effects on reducing the risk of
hepatocarcinogenesis might require further long-term studies.

Pioglitazone is a thiazolidinedione activating peroxisome proliferator-activated receptor (PPAR)
γ that improves the insulin resistance and is used to treat type 2 diabetes. A six-month randomized
study of pioglitazone revealed a reduction in necroinflammation of liver histopathology with no
reduction in fibrosis [68]. L-carnitine is an essential nutrient and an important molecule in regulating
mitochondrial and peroxisomal metabolism [69]. A recent randomized controlled study indicated
histological improvement of liver fibrosis after 18 months with pioglitazone for NASH in patients
with concomitant type 2 diabetes [70]. This agent may therefore be effective for inhibiting NAFL
progression to NASH and hepatocarcinogenesis.

Flavonoids are heterogeneous polyphenols found in various plants, such as fruits, vegetables,
and green tea that reportedly exert antioxidative function protecting the liver tissue from damage
caused by ROS [71]. A mixture of flavonolignans and minor polyphenolic compounds, derived from
the milk thistle plant (Silybum marianum) known as silymarin, is said to be an antioxidative agent [72].
Salomone et al. reported that silibinin, the main component of silymarin, restored nicotinamide adenine
dinucleotide (NAD+) levels, and played a protective role against NAFLD [73]. In a randomized,
double-blind, placebo-controlled study, silymarin at 700 mg three times daily for 48 weeks significantly
ameliorated liver fibrosis in NASH patients [74]. Silymarin may therefore be a promising agent for the
treatment of NAFLD/NASH patients.

L-carnitine acts as an antioxidant mediator by controlling the β-oxidation cycle and adenosine
triphosphate (ATP) generation [75]. L-carnitine is well known as a fat-burning supplement; however,
it has recently attracted attention as an anti-cancer agent because of its effects as an antioxidant,
apoptosis inducer, and inhibitor of histone deacetylase [76–79]. We previously reported that L-carnitine
controls the mitochondrial function in hepatic non-cancerous tissue from a mouse NASH model by
upregulating the Lactobacillales population related to the secondary bile acid production in the gut
microbiota [76]. L-carnitine does not eliminate oxidative stress but rather controls the oxidative balance
to aid the mitochondrial function. This might be a better approach to regulating oxidative stress.

High levels of plasma free fatty acids increase the levels of hepatic free fatty acids. Long-chain fatty
acids taken up by mitochondria as complexes with L-carnitine are subsequently metabolized in β-oxidation
pathways. Under oxidative stress, oxidative reactions convert oxidized cofactors (NAD+ and flavin adenine
dinucleotide (FAD)) into reduced cofactors (nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide H2 (FADH2)) and deliver electrons to the respiratory chain. An imbalance between the
increased delivery of electrons to the respiratory chain and the decreased outflow from the respiratory
chain causes electrons and ROS products to accumulate. Antioxidant defenses, such as superoxide
dismutase (SOD), glutathione peroxidase (GPx), or catalase, can metabolize O2· and H2O2 to non-toxic
H2O. However, the Fenton and/or Haber-Weiss reactions generate highly reactive, toxic, hydroxyl radicals
(OH). Vitamin E as a general cytotoxic ROS scavenger erases oxidative stress. Metformin activates AMPK
and induces antioxidant gene transcription, and 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside
(AICAR) activates Nrf2 via a mechanism possibly similar to that of metformin. L-carnitine supports the
mitochondrial function to increase the long-chain fatty acid uptake. In NASH patients, oxidative stress
works as toxic from NASH progression to cancer development. However, in cancer patients,
oxidative stress should be maintained to some degree in order to control cancer via toxic oxidative
stress reactions. To control cancer progression, AMPK/mammalian target of rapamycin (mTOR) signaling
has an important function that would be a target to intervene.

36



Nutrients 2018, 10, 977

4.3. Antioxidant Treatment Effects on Liver Cancer

Various treatments have been proposed for HCC, such as surgical approaches (e.g., liver resection,
liver transplantation), radio frequency ablation, transcatheter arterial chemoembolization,
and chemotherapy [80]. However, HCC remains incurable because of the low response rate and
frequent recurrence based on chronic liver inflammation and fibrosis. Many reports have described
the usage of antioxidant therapies for HCC, but their efficacy still remains unclear [81–83].

Metformin inhibits the cell growth of HCC by regulating AMPK activation and inducing
apoptosis [84]. The effect of metformin on NASH-related HCC in mouse models has been reported,
but the clinical effect in humans is unclear [85].

The AMPK activator 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) activates
Nrf2 protein, which binds to Kelch-like ECH associated protein 1 (Keap1), a protein that exists in the
cytoplasm in an inactive form [86]. AICAR may be a candidate for treating liver cancer.

Flavonoid and polyphenols have been shown to exert antitumor effects through the control of
various molecular pathways [81,87]. Curcumin is an antioxidant polyphenol compound reported
to exert antitumor activities by inhibiting the vascular endothelial growth factor (VEGF) expression
and phosphoinositide 3-kinase (PI3K)/v-Akt murine thymoma viral oncogene (Akt) signaling [82].
The newly confirmed antioxidant silymarin has also been analyzed for its utility in preventing
hepaticarcinogenesis [73].

L-carnitine is a mitochondria supporting agent that may be useful for controlling oxidative stress
in HCC patients. Our previous report showed that the tumor number and maximum tumor size were
decreased in NASH-HCC mouse models than control diet [76]. In that experiment, L-carnitine was
administered from the early onset of NASH, and the liver tumor outcomes were assessed afterwards.
Under such conditions, L-carnitine improved the NASH pathogenesis resulting in decreased NASH related
hepatocarcinogenesis and so is difficult to conclude whether its use is beneficial for HCC. To answer
this point, we next examined the effect of L-carnitine administration after hepatocarcinogenesis in
NASH-related cholangiocarcinoma-like tumors [88]. L-carnitine resulted in a good outcome for this
model, suggesting it might be an effective antioxidant even after cancer development.

As above, many candidate antioxidant treatments have been proposed for HCC; however,
the clinical investigations on this point are inadequate at present. To administer antioxidants for
cancer stages, we must consider the oxidative stress-related environment adequately (Figure 1).

Recently, oral chemotherapeutic multi-kinase inhibitors such as sorafenib have been widely
used to control advanced-stage HCC. Sorafenib inhibits tumor cell proliferation and angiogenesis
through the inactivation of vascular endothelial growth factor receptor (VEGFR), platelet-derived
growth factor receptor (PDGFR), and the serine-threonine kinase Raf-1, which participates in the
Rat sarcoma (Ras)/rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase kinase
(MEK)/mitogen-activated protein kinase (MAPK) signal cascade [89]. Recently, other multi-kinase
inhibitors such as lenvatinib, regorafenib, cabozantinib, and ramucirumab have also been
developed [90–92]. Recent clinical experience with sorafenib has indicated that acquired drug
resistance can occur over a long period of drug administration. Thus, in these stages of HCC,
the effects of accompanying agents such as antioxidants on the drug resistance should be investigated.
Accumulating data indicate that autophagy and phosphoinositide 3-kinase (PI3K)/Akt signaling
are associated with acquired resistance to sorafenib in HCC. The AMPK/mTOR signaling pathway
had been demonstrated to be important in autophagy. A high sustained glucose condition produces
advanced glycation products (AGEs) which damage many organs including the liver. The receptor
for AGE (RAGE) has been shown to be overexpressed in HCC promoting proliferation. In addition,
RAGE induced sorafenib resistance in in vitro and in vivo xenograft models [93]. A reduction in RAGE
was also found to be able to increase autophagy and eliminate sorafenib resistance in vitro via the
AMPK pathway activation. Metformin was able to reduce RAGE expression and helped rescue cells
from sorafenib resistance. Metformin might therefore be useful for eliminating sorafenib resistance in
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HCC; however, one clinical study reported a bad outcome for patients administered metformin with
sorafenib [94].

Figure 1. Oxidative stress and anti-oxidant in non-alcoholic steatohepatitis (NASH) and liver
cancer. Red lines; unfavorable effects, Blue lines; favorable effects, AICAR, 5-aminoimidazole-4-
carboxamide-1-β-D-ribofuranoside; Nrf2, nuclear factor erythroid 2-related factor; AMPK,
AMP-activated protein kinase; Keap1, Kelch-like enoyl-CoA hydratase (ECH) associated protein;
Nrf2, nuclear factor erythroid 2-related factor; CPT, carnitine palmitoyltransferase; SOD, superoxide
dismutase; GPx, glutathione peroxidase; LCFA-carnitine, long-chain acylcarnitine; TCA-cycle,
tricarboxylic acid cycle.

Administering sorafenib efficacy-supporting agents is an approach to resolving drug resistance as
mentioned above with metformin. The oxidative stress-inducing agent tetrandrine, a bisbenzylisoquinoline
alkaloid, has been shown to exert synergistic anti-tumor activity with sorafenib by increasing ROS [95].
More data on such combination therapy with sorafenib will be required to draw more solid conclusions.

Immune checkpoint molecules including programmed cell death-1 (PD-1) and programmed
cell death-1 ligand (PD-L1), are promising new therapeutic agents for the treatment of various
cancers including HCC [96]. Nivolumab, an anti-PD-1 antibody, was approved by the Food and
Drug Administration (FDA) and is a key drug for the treatment of HCC dramatically improving the
survival of many cancers, including solid-tumors; however, 30 to 50% of patients are unresponsive [97].
To overcome this unresponsiveness, several combination treatments have been attempted. An in vivo
analysis of CD8+ T cells treated with PD-1 antibody revealed that a highly proliferative fraction
could be found in the draining lymph node indicating that tumor priming was necessary for
CD8+ T cell activation [98]. These highly proliferative CD8+ T cells contained more cellular ROS,
a larger mitochondrial mass, higher mitochondrial potential, and more mitochondrial superoxide
than CD8+ T cells without PD-1 antibody treatment, indicating the activation of mitochondria in T
cells. Several mitochondrial function activators have been tested for their additive effects of PD-1
blockade with successful results. Of them, the PPAR-α agonist bezafibrate showed a particularly
promising response. Given that bezafibrate is a standard agent for treating high triglyceride levels,
this combination might be useful for combination therapy. The relationship between oxidative stress,
antioxidants, and PD-1/PD-L1 needs further study and clinical trials to resolve the issue of a lack of
responsiveness to anti-PD-1 antibody therapy.

4.4. Cautions of Antioxidants on Liver Cancer Initiation and Maintenance

Whether or not antioxidant agents prevent cancer risks remains controversial. The U.S. Preventive
Services Task Force (USPSTF) stated that the current evidence is insufficient to assess the balance of
benefits and harms of vitamins [99]. In particular, excessive doses of vitamins may induce negative
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effects. Four randomized controlled trials (RCTs) of vitamin E included in the USPSTF comments
showed no significant effect on the incidence of all types of cancer or cancer mortality rates. However,
one RCT assessing the risk of prostate cancer with vitamin E administration found a 17% increase in
the prostate cancer incidence with this supplement [100]. Since a large prospective study to confirm
the HCC risks for NASH is difficult to perform and requires a long observation time (although there
are some ongoing studies), we should attempt to determine the optimum treatment approach based
on short-term data from small populations and experimental data.

Oxidative stress is a crucial event for cancer initiation; however, it also has important roles in
cancer prevention. Stem cell-like cancer cells have powerful antioxidative properties that protect them
from oxidative stress and thus prevent self-apoptosis [101]. The expression of CD44 variant 9 (CD44v9)
has recently been investigated as a functional marker of stem-like cells in many types of cancers [102].
The interaction of CD44v9 with xc- Substrate-specific Subunit (xCT), also called the glutamate/cysteine
antiporter solute carrier family 7 member 11 (SLC7A11), a subunit of the glutamate-cystine transporter
system xc-, stabilizes the latter and thereby potentiates cancer cells to promote glutathione synthesis
and reduce the activity of cellular redox system, resulting in resistance to toxic oxidative stresses [103].
Inducing oxidative stress in cancer patients is an approach that is being investigated as a cancer
treatment in several clinical trials [104]. However, this approach is likely to also be toxic to normal cells
and may lead to the induction of further carcinogenesis. Furthermore, given that treatment-resistant
cancer stem cells can still escape toxic oxidative stress, maintaining moderate oxidative stress is
a critical point of anti-oxidative stress treatment for cancer patients.

Mitochondrial function-supporting agents, such as metformin or L-carnitine, might be good
therapies to investigate in large-scale prospective studies in humans. In cancer patients, the drug effects
should be analyzed according to the stages of the cancer. When tumors have been completely resected
or ablated, a standard anti-oxidant approach may be effective for preventing new hepatocarcinogenesis.
When tumors have not been ablated completely but can be managed with local treatment, such as
transcatheter arterial chemo-embolization (TACE), mitochondrial function-supporting agents, such as
metformin or L-carnitine, might be useful approaches for controlling the oxidative-antioxidative
stress balance. When tumors are not being treated with local therapies but instead managed with
anti-cancer agents, presently multi-kinase inhibitors such as sorafenib, regorafenib and lenvatinib,
oxidative stress may be an important cellular stress to cancer cells not to be eliminated. As mentioned
in previous section, oxidative stress-inducing agents may compound the effects of sorafenib [95].
However, even the favorably reported antioxidant metformin might adversely affect the clinical
outcome in patients with HCC receiving the multi-kinase inhibitor sorafenib [94].

L-carnitine is a candidate drug that has shown good efficacy even after cancer has already
developed. We previously investigated the effects of the standard anti-oxidant agents vitamin E
and L-carnitine and found that only L-carnitine reduced the number of liver tumors [88]. Vitamin E
administration induced HO-1 protein expression in cancer tissue, resulting in an increase in the
number of stem-like cancer cells. Furthermore, L-carnitine administration improved the Lactobacillales
population and the balance of bile acid (primary to secondary bile acid), while vitamin E did not affect
the intestinal environment. These findings show that vitamin E strongly ameliorates the oxidative
stress in both cancer cells and normal cells, while L-carnitine works as an “oxidative stress balancer”.
An “oxidative stress eraser” such as vitamin E might therefore be unsuitable for the treatment of
cancer patients. However, even L-carnitine carries the possibility of an increased risk of experimental
HCC [105]. A mouse HCC model of diethylnitrosamine (DEN)-injected mice fed a high-fat diet
showed the predominance of acylcarnitine species in the tumors according to a metabolomic profiling
analysis. Intracellular long-chain fatty acids are esterified to acyl-coenzyme A and conjugated with
carnitine resulting in acylcarnitine by carnitine palmitoyltransferase 1 (CPT 1). The acylcarnitine is then
converted back to acyl-coenzyme A by CPT2 and enters the β-oxidation pathway. Of note, the CPT2
expression was diminished in the HCC tumors inducing acylcarnitine deposition. In this mouse model,
L-carnitine supplementation resulted in an increased amount of acylcarnitines and enhanced HCC
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tumorigenesis. These conflicting results suggest that the HCC-preventive effects of L-carnitine might
require a preserved CPT2 function in order to avoid inducing the accumulation of acylcarnitines.

It should be noted that almost all antioxidants can elicit unfavorable effects on carcinogenesis under
certain conditions. We must bear these facts in mind and thus perform antioxidant supplementation
judiciously. We can use antioxidant for NASH, while should decide whether to stop after HCC
development (Figure 2).

Figure 2. A proposal for the antioxidant treatment application in non-alcoholic fatty liver
disease (NAFLD). NAFL, non-alcoholic fatty liver; NASH, Non-alcoholic steatohepatitis; HCC,
hepatocellular carcinoma; GLP-1 RA, glucagon-like peptide 1-receptor agonist; DPP-4 Is,
dipeptidyl-peptidase-4 inhibitors.

Several guidelines recommend vitamin E be administered for NASH, as some prospective studies
proved to be beneficial for laboratory data and histological activity. However, there are no prospective
data on NASH with diminished activity and steatosis with advanced fibrosis, such as burned-out
NASH. There are also no data on NASH-HCC. Many experimental studies recommend antioxidant
agents be administered for patients with NAFL and NASH. Given that advanced NASH often shows
no steatosis, some antioxidants may be more suitable for these patients than others. For NASH-HCC,
given that oxidative stress is an important stress response for regulating cancer cells, strong antioxidants
may actually be harmful. When we administer oxidative stress-related agents together with sorafenib
and other multi-kinase inhibitors, combination effects may be exerted by oxidative stress-inducing
agents. The AMPK activator metformin has been shown to be beneficial for HCC, although clinical
evidence is still being discussed. Nivolmab is a next-step HCC treatment approach for activating
the cancer immune response. Bezafibrate has been shown to exert additive effects to activate the
T cell response.

5. Conclusions

NAFLD is a major lifestyle-related disease, and nutritional support is an important approach to
its treatment. Antioxidant therapy, such as vitamin E administration, is effective for preventing
NASH progression; however, the long-term outcomes of this therapy are unclear, especially in
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precancerous and cancer patients. Antioxidant therapy should be prescribed according to the clinical
condition of the patients, such as those with NAFL, NASH, advanced NASH, cancer with successful
ablation, cancer with relative ablation, and advanced cancer requiring anti-cancer agents. In HCC
patients, antioxidant treatment should be carefully managed, as these agents can also act against
tumor resolution.
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Abstract: This randomized controlled trial investigated the safety and efficacy of MF4637, a high
concentrate omega-3 fatty acid preparation, in correcting the omega-3 fatty acid nutritional deficiency
in non-alcoholic fatty liver disease (NAFLD). The primary end point of the study was set as the
change of red blood cell (RBC) eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) by
MF4637. Whether the omega-3 concentrate could lower liver fat was evaluated in a subset of
patients. Furthermore, 176 subjects with NAFLD were randomized to receive the omega-3 concentrate
(n = 87) or placebo (n = 89) for 24 weeks, in addition to following standard-of-care dietary guidelines.
The omega-3 index, omega-6: omega-3 fatty acid ratio and quantitative measurements of RBC EPA
and DHA were determined at baseline and study completion. Magnetic resonance imaging of liver
fat was conducted in a subset of patients. Administration of high concentrate omega-3 for 24 weeks
significantly increased the omega-3 index and absolute values of RBC EPA and DHA, and decreased
the RBC omega-6: omega-3 fatty acid ratio (p < 0.0001). A significant reduction in liver fat content
was reported in both groups.

Keywords: non-alcoholic fatty liver disease; NAFLD; omega-3 fatty acid; EPA; DHA; omega-3 index

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the presence of hepatic steatosis (>5% liver fat
assessed by imaging modalities or >5% of cells containing visible lipid droplets from histology) that
is not related to significant alcohol consumption, hereditary disorders, viral infection or steatogenic
medication [1]. Early NAFLD is typically reversible, but can develop in some 30% of cases into
non-alcoholic steatohepatitis (NASH), presenting as hepatic steatosis with inflammation, ballooning
and evidence of hepatocellular injury with or without fibrosis [1–3]. NAFLD is associated with
metabolic risk factors such as obesity, diabetes and dyslipidemia, and its prevalence has risen sharply
in line with the rising rates of obesity and diabetes [1,4,5]. In Western countries, NAFLD is the leading
cause of liver disease [6]. NAFLD is estimated to affect 20–30% of the general population, with the
prevalence increasing to approximately 75% of patients with obesity or diabetes, and 90–95% in the
morbidly obese [6–9]. The estimated prevalence of NASH is lower, but significant, at 2–3% of the
general population and one-third of the morbidly obese [1,7].
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Identification of NAFLD patients in a clinical setting is commonly performed due to suspicion
from raised liver enzymes and confirmation of hepatic steatosis by ultrasound. More recently, more
advanced techniques such as Fibroscan (Echosens) and lipidomic analysis (OWL) have become
available at specialised and general practitioner level. A validated algorithm for steatosis risk, called
the fatty liver index (FLI), uses clinically available measurements to predict steatosis and to identify
populations at risk of developing further liver-related morbidities [10].

NAFLD is increasingly considered as the hepatic manifestation of metabolic syndrome.
The metabolic dysregulation occurring during metabolic syndrome often starts with excess peripheral
fat and peripheral insulin resistance with hepatic steatosis and hepatic insulin resistance following
as secondary events. Hepatic insulin resistance results in increased circulating glucose and very low
density lipoproteins (VLDLs) [11]. The resulting hyperglycemia, hyper-triglyceridaemia and lowered
HDL-cholesterol are all risk factors for the development of cardiovascular disease (CVD) [1,2,11,12].
In common with metabolic syndrome, NAFLD is associated with increased morbidity and mortality,
particularly from CVD [1,2,12,13]. NASH also has the potential to develop into liver cirrhosis, from
which 30–40% of patients will die of liver-related causes such as liver failure or hepatocellular
carcinoma within a ten-year period [2,3,14]. Despite the increasing prevalence of NAFLD and its
associated morbidity and mortality, there is currently no approved drug therapy for its treatment.
The World Gastroenterology Organization (WGO) guidelines state that, in addition to pharmacological
management of co-morbidities such as diabetes and dyslipidemia, weight loss and increased physical
exercise are the most effective ways to reduce liver fat [6]. However, such lifestyle changes are typically
difficult to sustain in the long term, creating a significant unmet need for this condition.

There is mounting evidence that long-chain polyunsaturated fatty acids (PUFAs), especially
the marine omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are
depleted in patients with NAFLD [15–19]. This may be due to several factors including impairment of
the hepatic metabolic pathways responsible for the synthesis of EPA and DHA from their precursors,
increased utilization due to lipid peroxidation caused by raised oxidative stress in NALFD, as well
as reduced dietary intake [15,16,20,21]. Increased levels of omega-3 PUFAs and reduction of the
omega-6: omega-3 ratio enables a shift in hepatic fat metabolism away from de novo lipogenesis and
towards fatty acid oxidation and secretion, thereby potentially reducing steatosis in NAFLD [17,22–26].
In support of this, a recently published systematic review and meta-analysis of omega-3 fatty acids in
NAFLD patients demonstrate statistically and clinically significant consistent reduction in steatosis
with approximately 3 g EPA plus DHA daily [27]. Overall, existing data demonstrate that NAFLD
patients have reduced levels of EPA and DHA compared to healthy individuals and that there are
beneficial effects on liver steatosis from increased intake of omega-3 PUFAs at approximately 3 g/day.

The purpose of this study was to investigate the safety and the ability of an omega-3 fatty acid
medical food (MF4637; BASF AS, Lysaker, Norway), to correct the omega-3 fatty acid nutritional
deficiency present in NAFLD. The hypotheses being tested are that MF4637 will significantly improve
the omega-3 index (EPA + DHA in red blood cells (RBCs)) and lower the RBC omega-6: omega-3
fatty acid ratio in patients with NAFLD. The potential for MF4637 to reduce hepatic fat content was
evaluated using magnetic resonance imaging-proton density fat fraction (MRI-PDFF) in a subset of
patients. Additional post hoc stratification was performed using the FLI.

2. Materials and Methods

2.1. Study Design

This was a randomized double-blind placebo-controlled study conducted at 21 investigative sites
across the U.S. All procedures involving human participants were approved by Quorum Review IRB,
Seattle, WA, USA. All participants provided written informed consent. The trial is registered with ID
NCT02923804 at the U.S. National Library of Medicine’s ClinicalTrials.gov website.
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Participants were recruited based on the suspected diagnosis of NAFLD, confirmed either by
diagnostic imaging performed within the previous year, or by abdominal ultrasound performed at
screening. Eligibility was determined, after the informed consent process, at screening, which included
review of medical history and current medications, measurement of vital signs (height, weight, blood
pressure, heart rate and body mass index (BMI)), hemoglobin A1c (HbA1c), thyroid-stimulating
hormone (TSH) and liver function testing. Following written informed consent, each participant
was centrally randomized 1:1, stratifying by site, marine omega-3 fatty acid intake (≥250 mg/day
and <250 mg/day), diabetes and statin use, to receive either the omega-3 concentrate MF4637 or a
placebo (olive oil) for 24 weeks. The duration of the study was determined by taking into account
the delay of approximately 6 months required for stabilization of the incorporation of EPA and DHA
demonstrated in healthy subjects [28] and an analysis of the literature on the use of omega-3 during
NAFLD for periods ranging from 6 months to more than one year [27]. Randomization numbers
corresponding to predetermined intervention were assigned in a sequential manner to each subject via
an Interactive Voice/Web Response System. One hundred and seventy-six subjects were subsequently
randomized to receive either MF4637 (n = 87) or placebo (n = 89) (Figure 1). The modified intention to
treat population was defined as all subjects who took at least a 1-day dose of omega-3 fatty acids or
placebo and underwent at least 1 post-randomization primary efficacy assessment.

 

Figure 1. CONSORT flow chart of participant flow.

The omega-3 fatty acid medical food (MF4637; BASF AS, Lysaker, Norway) was provided as soft
gel capsules, with each 1 g capsule containing marine-sourced EPA and DHA as ethyl esters (460 mg
and 380 mg, respectively). Placebo capsules were identical in size and appearance to MF4637 and
contained 1 g of olive oil. The investigational products were administered in a double-blinded fashion.
Study participants were required to take three capsules per day of either MF4637 or placebo with
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food for 24 weeks. Thus, daily intakes of EPA and DHA in the MF4637 group were 1.38 g and 1.14 g,
respectively. Compliance was measured via subject interview and unused capsule counts.

In addition to the investigational product, study participants were advised to reduce normal
caloric intake as recommended by the American Association for the Study of Liver Disease (AASLD)
standard-of-care guidelines for NAFLD [1], and to maintain stable physical activity levels throughout
the study. To provide the American Heart Association (AHA) recommended dietary intake of omega-3
fatty acids [29], participants were required to consume two meals of omega-3 rich fish per week (from a
choice of salmon, herring, whitefish, sardines, bluefish and trout) and to reduce foods rich in trans- and
omega-6 fatty acids (fried foods and snacks, fast foods, bacon, turkey bacon, hams, nuts, peanut butter,
sesame seeds, sunflower seeds, pumpkin seeds, vegetable oils and margarine (including soybean oil
and corn oil), mayonnaise and salad dressing). Dietary intake was monitored regularly throughout the
study via participant’s food diaries.

At baseline (week 0), week 12 and study completion (week 24), weight, blood pressure, heart
rate and BMI were recorded and blood samples collected to assess efficacy (Omega-3 index, RBC
omega-6:omega-3 ratio and quantitative measurements of RBC EPA and DHA) and safety (vital signs,
standard clinical biochemistry and hematology panels including liver function tests). Adverse events
were monitored throughout the study. MRI-PDFF assessments of liver fat were performed at baseline
(week 0) and study completion (week 24).

The primary endpoint of the trial was to test the effect of administration with concentrated EPA
and DHA on the omega-3 index (RBC EPA + DHA). Secondary endpoints included quantitative
measurement of RBC EPA and DHA and assessment of the RBC omega-6: omega-3 ratio. The potential
for MF4637 to reduce hepatic fat content was evaluated as an exploratory outcome.

2.2. Inclusion and Exclusion Criteria

Selection of the NAFLD study population aimed to include subjects with hepatic steatosis,
excluding those with a known previous diagnosis, at any time, of NASH indicating more advanced
liver disease. Liver biopsy and histopathology are the only secure means of differentiating NASH from
NAFL and therefore the study population may contain NASH patients. Inclusion criteria included age
≥18 years and a recent (<1 year) suspected clinical diagnosis of NAFLD including an imaging modality
(e.g., ultrasound). If diagnosis was >1 year or an imaging test was absent, an abdominal ultrasound
was performed at screening to confirm diagnosis of NAFLD. Other inclusion criteria included not
smoking, BMI between 18–39.9 kg/m2 and, if on statin medication, a history of >1 month on a stable
dose. Exclusion criteria included a diagnosis of NASH; bilirubin >2 times the upper limit of normal;
other causes of liver inflammation i.e., hepatitis A, B or C, HIV, cirrhosis, Wilson’s disease, autoimmune
hepatitis, hemochromatosis, alcoholic steatohepatitis, pancreatitis, or prescription medications known
to cause liver toxicity or damage; history of bariatric surgery; significant weight loss (>5% body weight)
or rapid weight loss (>1.6 kg/week) within six months of screening; cancer; significant cardiovascular
disease including untreated hypertension and significant gastrointestinal, renal, pulmonary, hepatic,
biliary or endocrine disease. Furthermore, subjects were excluded if there was significant alcohol
consumption; use of any medicine or dietary supplement that may affect NAFLD or lipid metabolism
(including omega-3 supplements); use of anti-coagulants; and pregnancy/breastfeeding or sensitivity
to any of the study medications or excipients.

2.3. Measurement of RBC EPA and DHA

2.3.1. Quantitative Measurement of RBC EPA and DHA

Concentrations of total RBC EPA and DHA were measured quantitatively using UPLC-MS/MS.
Method validation and all measurements were performed by Diteba Analytical and Bioanalytical
Services, A Nutrasource Company (Mississauga, ON, Canada). Blood samples were collected
into EDTA vacationer tubes, centrifuged, and plasma and white blood cells (buffy coat) removed.
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The remaining RBCs were washed three times with saline, and 0.5 mL of the washed packed RBCs
added to 1 mL of distilled water, to which was added 150 μL of EDTA/ascorbic acid. The sample was
mixed well and stored at −80 ◦C until analyzed.

For the quantitative analytical methodology, a specific amount of standard curve solutions, matrix
blanks, quality control samples and thawed study samples were acidified with HCl and internal
standard was added to all tubes except for blanks. Samples were mixed well and incubated at 100 ◦C
for 45 min, and then cooled to room temperature. Extraction solvent (hexane: dichloromethane:
2-propanol, in a 20:10:1 ratio) was added to each tube, which was mixed well and centrifuged. Capped
tubes were submerged in a dry ice-acetone bath to freeze the aqueous layer, and the organic layer in
each tube was transferred to another tube. This was evaporated to dryness at 45 ◦C; then, reconstitution
solution was added, mixed thoroughly, and reconstituted samples were transferred into LC-MS vials for
injection. The UPLC-MS/MS systems consisted of an Aquity Tandem Quadruple detector, auto-sample
manager, binary solvent manager, column manager and Empower 3 data acquisition system. The UPLC
column for optimum chromatographic conditions was an Aquity UPLC BEH, C18, 2.1 mm × 50 mm,
1.7 μm, assembled with a Waters in-line pre-column filter. The mobile phase was a 20:80 mixture of
5 mM ammonium acetate in water and acetonitrile. The injection volume was 5.0 mL, flow rate was
0.30 mL/min, run time was approximately 2.5 min, column temperature was ambient and sample
temperature was 5 ◦C ± 2 ◦C. From the resulting chromatograms, EPA and DHA in each sample were
calculated by calibration curve using peak area response ratio as response function. The quantitative
method provided a range of 1 to 500 μg/mL for EPA, and 5 to 500 μg/mL for DHA.

2.3.2. Qualitative Measurement of RBC EPA and DHA

Qualitative measurement of EPA and DHA involved measuring the fatty acid profile of RBCs
(consisting of a total of 30 fatty acids) using a gas chromatograph system with an auto sampler and FID
detector (Diteba Analytical and Bioanalytical Services, Guelph, ON, Canada). Blood sample collection
and processing was identical to that of quantitative analysis of RBC EPA and DHA. A specified amount
(2 mL) of BF3-MeOH was added to thawed RBC samples, mixed, flushed with N2 gas and incubated
for 10 min at 100 ◦C. After cooling, 250 μL of purified water and 750 μL of heptane were added
to each tube and mixed well. Tubes were centrifuged at 4,000 rpm for 5 min and the top heptane
layer was transferred to another tube and washed with purified water. The top (heptane) layer was
transferred to another tube and evaporated to dryness under a stream of N2 gas at 50 ◦C. Each tube
was reconstituted with 10 μL of heptane, transferred to a GC vial and flushed with N2 in preparation
for injection. For this methodology, the column was a DB Wax, 30 m × 0.25 mm ID, 0.15 μm film or
equivalent. The chromatic conditions were a GC with an FID detector, helium carrier gas, an initial
oven temperature of 170 ◦C, increased at 3 ◦C/min to 200 ◦C, held for 3 min, increased at 2.5 ◦C/min
to 225 ◦C, held for 5 min, then increased at 20 ◦C to 245 ◦C, and then held for 12 min. An external
standard was injected three times and then reinjected for every 10 sample injections. From the three
consecutive standard injections, an average response factor (RF) for each individual fatty acid was
calculated, using the peak area of each individual fatty acid detected.

2.4. Assessment of Change in Liver Fat

Assessment of the change in hepatic fat fraction was measured via MRI-PDFF. For each
subject, the MRI protocol included a localization sequence and a two-dimensional six-echo spoiled
gradient-recalled-echo breath hold sequence. A three-plane localizer followed by a coronal breath-hold
localizer was recommended for accurate axial slice prescription. If the scanner was not capable of
acquiring six echoes simultaneously, multiple acquisitions with single-echo sequences were performed.
From either the six-echo or six single-echo MRI series, the radiologist identified a circular region
of interest (ROI) within each of the nine Cournand segments of the liver using the first echo of the
series. The radiologist then identified regions with an approximately 2.5 cm diameter in each of the
nine Cournand segments, except for segment 1 (the caudate), in which a region with a diameter of
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approximately 1.5 cm was identified. The ROI in the caudate was smaller since the caudate is generally
too small to identify a region larger than 1.5 cm. The radiologist excluded blood vessels and the
periphery of the liver when identifying the ROIs. A fat fraction map was calculated from the six-echo
sequence using a multi-interference technique, which took into account the contribution from the
individual resonances in the fat spectrum to the observed MRI signal to obtain an accurate estimate
of fat. The whole liver hepatic fat fraction (HFF) was expressed as the mean fat fraction across all 9
user-defined ROIs in the liver.

2.5. Calculation of Fatty Liver Index (FLI) Score

Fatty liver index (FLI), an algorithm used to predict the presence of hepatic steatosis based on
measured values for serum triglycerides (in mg/dL), serum GGT (in IU/L), BMI (in kg/m2) and waist
circumference (in cm), was calculated using the following equation [10]:

FLI = (e 0.953 × loge (triglycerides) + 0.139 × BMI + 0.718 × loge (GGT) + 0.053 ×
waist circumference-15.745)/(1 + e 0.953 × loge (triglycerides) + 0.139 × BMI + 0.718

× loge (GGT) + 0.053 × waist circumference-15.745) × 100.

(1)

2.6. Sample Size Calculations

It has been reported that the omega-3 index is 0.5% higher in healthy subjects compared to those
with some form of liver dysfunction, leading to the assumption that a minimum increase of 0.5%
in RBC EPA + DHA may be necessary to achieve nutritional sufficiency in NAFLD patients [30,31].
A conservative between-intervention difference for RBC EPA + DHA, measured as a change from
baseline score between standard of care and standard of care plus MF4637, was set at 1.0% [32] and
the standard deviation at 2.0 with a correlation of 0.5 and equal allocation of subjects across the
two intervention groups, yielding 64 subjects per intervention arm for a total of 128. To address the
uncertainty of the estimates of intervention effectiveness from the emerging literature, an adaptive
blinded mid-course sample size re-estimation procedure was originally planned for the point at which
approximately 30% of the subjects had completed one post-baseline visit (i.e., to Week 12) and had
provided the RBC EPA + DHA results (for baseline and Week 12). The sample size re-estimation was
performed by one unblinded study statistician. When 30% of the subjects had provided the Week 24
RBC DHA and EPA data, and the data were considered “lockable” by data management, the data file
was exported to a limited access subdirectory, the effect size (change from baseline in plasma level)
estimated and the conditional power (CP) were calculated. Because the CP was between 41% and 90%,
the number of subjects per intervention arm was increased, in order to recover the targeted power of
90%. Given that the interim analysis was performed at 30% of the initial sample size, and the targeted
power was 90%, the minimum conditional power cut-off value (CP min) was set at 41%. The procedure
was performed, as per the Charter, and the recommendation was to increase the sample size to 75
subjects per intervention (i.e., 150 subjects). The actual number of participants recruited to the study
was 176.

2.7. Statistical Analysis

The primary outcome (RBC EPA + DHA) was analyzed using a repeated analysis of covariance
(ANCOVA) with the stratification factors as covariates, in order to compare the changes in the combined
EPA + DHA outcome between the two intervention groups (MF4637 group and placebo) across the
study. Stratification factors were baseline omega-3 intake, diabetes status and statin use. Additional
outcomes were analyzed using the same ANCOVA model applied to the primary outcome: RBC EPA,
RBC DHA and the omega-6: omega-3 ratio. All programming was performed in SAS version 9.2 (SAS
Institute, Cary, NC, USA) or higher under the Windows Server 2008R2 operating system.
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A regression analysis for absolute RBC EPA + DHA and change in liver fat for the MF4637 group
and placebo was planned without testing of statistical significance. Similarly, regression analysis of
changes in omega-3 index against baseline omega-3 index was performed. Post hoc analysis of the
change in liver fat for intervention and placebo groups after stratification using the baseline Fatty Liver
Index was tested using ANCOVA.

3. Results

Of the 176 participants that underwent randomization, safety was assessed for 87 subjects in the
intervention group and 89 in the placebo group (Figure 1). Of those participants randomized, 167
(81 in the MF4637 group and 86 in the placebo group) were included in the modified intention to treat
(mITT) primary outcome analysis.

Baseline anthropometric and biochemical variables of participants randomized to the placebo
and MF4637 groups are detailed in Table 1. Of note is the higher mean fasting insulin concentration in
the placebo group, which, together with the comparable mean fasting glucose concentration, suggests
a likelihood that the placebo group was more insulin resistant than the MF4637 group at study entry.

Table 1. Baseline anthropometric and biochemical variables of participants randomized to placebo and
MF4637 groups.

Variables Placebo 1 MF4637 2 p-Value *

Age, years 55.1 (10.9) 55.3 (13.3) 0.93
Sex, M/F 44/42 36/45 0.39
Weight, kg 90.1 (18.8) 88.4 (18.4) 0.55
Waist circumference, cm 105.9 (13.1) 106.3 (13.2) 0.87
Hip circumference, cm 110.5 (12.1) 110.9 (11.8) 0.85
Waist to hip ratio 0.96 (0.09) 0.96 (0.08) 0.95
BMI, kg/m2 32.4 (5.0) 32.1 (4.8) 0.59
Systolic blood pressure, mm Hg 127.0 (10.7) 128.0 (11.9) 0.64
Diastolic blood pressure, mm Hg 80.3 (7.2) 79.8 (7.6) 0.33
Heart rate, beats/min 74.7 (8.7) 73.2 (9.1) 0.25
Statin use, % 34.9 30.9 0.58
Diabetes, % 39.5 35.0 0.97
Fasting glucose, mg/dL 120.1 (48.5) 2 119.4 (38.1) 3 0.97
Fasting insulin, μIU/mL 30.2 (41.3) 20.8 (18.2) 4 0.04
HbA1c, % 6.5 (1.5) 5 6.3 (1.4) 6 0.20
Triglycerides, mg/dL 199.1 (123.0) 7 192.0 (125.1) 4 0.70
BUN, mg/dL 14.7 (4.9) 7 15.4 (5.0) 4 0.24
Creatinine, mg/dL 0.8 (0.2) 7 0.3 (0.2) 4 0.83
TSH μIU/mL 1.9 (1.0) 7 1.7 (0.9) 8 0.17
Hs-CRP, mg/L 6.4 (9.2) 7 8.1 (17.5) 0.61
Albumin, g/dL 4.29 (0.3) 7 4.29 (0.3) 4 0.91
ALT, IU/L 35.6 (24.0) 37.5 (39.0) 0.40
AST, IU/L 25.8 (12.2) 27.1 (20.3) 0.79
ALP, IU/L 81.5 (31.0) 85.5 (45.3) 0.62
GGT, IU/L 47.1 (49.0) 62.2 (151.4) 0.78
Bilirubin, mg/dL 0.5 (0.2) 0.5 (0.3) 0.91

1 Data for n = 86 participants unless otherwise specified. 2 Data for n = 81 participants unless otherwise
specified. 3 Data for n = 75 participants. 4 Data for n = 80 participants. 5 Data for n = 83 participants. 6 Data
for n = 79 participants. 7 Data for n = 85 participants. 8 Data for n = 78 participants. Values expressed as Mean (SD).
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI,
body mass index; BUN, blood urea nitrogen; GGT, gamma-glutamyl transferase; HbA1c, glycated haemoglobin;
hs-CRP, high-sensitivity C-reactive protein; TSH, thyroid stimulating hormone. * All statistical tests performed were
t-tests except for chi-square tests for the following variables: Sex; Statin use and Diabetes, and Wilcoxon two-sample
tests for the following variables: Fasting glucose; HbA1c; ALP and GGT.

Table 2 details the main anthropometric and biochemical variables for participants randomized to
the placebo and MF4637 groups at baseline and after 24 weeks of intervention. The overall weight of
subjects in either intervention group remained unchanged from study start to study end. Triglyceride
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levels at baseline were similar in both groups and would be clinically regarded as borderline raised.
At the end of the study, a statistically significant reduction in triglycerides was only seen in the MF4637
group. Interestingly, the liver enzymes ALT, AST and GGT showed statistical reductions at the end of
study in the placebo group and not in the MF4637 group. This implies an overall improvement in liver
function without weight loss.

Compliance regarding the investigational products was 89% in the MF4637 group and 91% in the
placebo group. There were no serious adverse events related to study interventions reported during
the 24-week study. Mild incidences of eructation (n = 1), dysgeusia (n = 1), abdominal bloating (n =
1) and increased blood triglycerides (n = 1) together with a moderate case of diarrhea (n = 1) were
reported in the MF4637 group and suspected to be related. One participant in the MF4637 group and
two participants in the placebo group discontinued the study due to adverse events.

Table 2. Anthropometric and biochemical variables of participants randomized to placebo and MF4637
groups at baseline and study completion.

Variables

Placebo 1 MF4637 2
Two-Sample Test for

Change from
Baseline p-Value #Baseline End of Study p-Value * Baseline

End of
Study

p-Value *

Age, years 55.1 (10.9) 55.3 (13.3)

Sex, M/F 44/42 36/45

Weight, kg 90.1 (18.8) 89.5 (18.5) 0.84 88.4 (18.4) 89.0 (18.8) 0.082 0.23

Waist circumference, cm 105.9 (13.1) 104.7 (13.9) 0.005 106.3 (13.2) 105.5 (12.2) 0.72 0.18

Hip circumference, cm 110.5 (12.1) 110.0 (11.7) 0.31 110.9 (11.8) 110.4 (11.9) 0.81 0.42

Waist to hip ratio 0.96 (0.1) 0.95 (0.1) 0.081 0.96 (0.08) 0.96 (0.1) 0.66 0.58

BMI, kg/m2 32.4 (5.0) 32.3 (4.8) 0.74 32.1 (4.8) 32.3 (5.0) 0.078 0.18

SBP, mm Hg 127.0 (10.7) 128.8 (15.0) 0.23 128.0 (11.9) 126.6 (10.6) 0.29 0.11

DBP, mm Hg 80.3 (7.2) 79.9 (9.9) 0.25 79.8 (7.6) 77.8 (8.4) 0.032 0.53

Heart rate, beats/min 74.7 (8.7) 74.1 (8.2) 0.59 73.2 (9.1) 74.2 (9.8) 0.17 0.17

Statin use, % 34.9 30.9

Diabetes, % 39.5 35.0

Fasting glucose, mg/dL 120.1 (48.5) 3 125.4 (56.8) 3 0.39 119.4 (38.1) 3 127.5 (55.2) 3 0.0616 0.38

Fasting insulin, μIU/mL 30.2 (41.3) 4 30.1 (35.8) 4 0.51 20.8 (18.2) 5 24.0 (24.3) 5 0.21 0.63

HbA1c, % 6.5 (1.5) 6 6.6 (1.7) 6 0.67 6.3 (1.4) 7 6.3 (1.4) 7 0.83 0.87

Triglycerides, mg/dL 199.1 (123.0) 2 185.7 (118.0) 2 0.52 192.0 (125.1) 5 157.8 (84.2) 5 0.0008 0.053

BUN, mg/dL 14.7 (4.9) 2 15.0 (4.5) 2 0.88 15.4 (5.0) 5 16.2 (4.9) 5 0.25 0.46

Creatinine, mg/dL 0.8 (0.2) 2 0.82 (0.2) 2 0.51 0.3 (0.2) 5 0.84 (0.2) 5 0.26 0.19

TSH μIU/mL 1.9 (1.0) 2 2.5 (2.7) 2 0.025 1.7 (0.9) 7 1.8 (0.9) 7 0.043 0.86

Hs-CRP, mg/L 6.4 (9.2) 2 5.5 (5.8) 2 0.46 8.1 (17.5) 8 6.7 (10.9) 8 0.75 0.82

Albumin, g/dL 4.29 (0.3) 2 4.3 (0.3) 2 0.69 4.29 (0.3) 5 4.3 (0.3) 5 0.62 0.91

ALT, IU/L 35.6 (24.0) 29.8 (21.2) 0.005 37.5 (39.0) 38.1 (37.7) 0.48 0.015

AST, IU/L 25.8 (12.2) 23.9 (13.5) 0.036 27.1 (20.3) 28.7 (24.6) 0.37 0.036

ALP, IU/L 81.5 (31.0) 76.3 (21.5) 0.01 85.5 (45.3) 83.2 (40.3) 0.09 0.73

GGT, IU/L 47.1 (49.0) 37.1 (32.2) <.0001 62.2 (151.4) 57.1 (108.7) 0.37 0.058

Bilirubin, mg/dL 0.5 (0.2) 0.47 (0.2) 0.70 0.5 (0.3) 0.5 (0.2) 0.88 0.72

1 Data for n = 86 participants unless otherwise specified. 2 Data for n = 81 participants unless otherwise
specified. 3 Data for n = 72 participants. 4 Data for n = 82 participants. 5 Data for n = 78 participants. 6 Data
for n = 74 participants. 7 Data for n = 76 participants. 8 Data for n = 79 participants. Values are expressed as Mean
(SD). Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BMI, body mass index; BUN, blood urea nitrogen; DBP, diastolic blood pressure; GGT, gamma-glutamyl
transferase; HbA1c, glycated haemoglobin; hs-CRP, high-sensitivity C-reactive protein; SBP, systolic blood pressure.*
Within-group differences were assessed using paired t-tests or Wilcoxon signed rank tests. # Intergroup differences
were assessed using two-sample t-tests or two-sample Wilcoxon tests.

3.1. Effect of Intervention on Omega-3 Index

The baseline omega-3 index was similar for placebo and intervention groups. Compared to
placebo, the mean omega-3 index increased significantly from 4.8% to 8.0% at study completion in
the MF4637 group, representing a mean 3.2% change from baseline (p < 0.0001) (Table 3). In the
placebo group, the omega-3 index increased slightly from 4.9% at baseline to 5.3% at study completion,
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representing a mean change of 0.4%. Regression analysis of the data for participants in the MF4637
group suggests that the change in omega-3 index was inversely related to the baseline omega-3 index,
with lower baseline values resulting in greater increases by the end of the 24-week intervention (data
not shown [33]).

Table 3. RBC fatty acid content at baseline and after 12- and 24-week intervention with placebo
or MF4637.

Placebo (n = 86) MF4637 (n = 81)

p-Value 1

Baseline
T = 12
weeks

T = 24
weeks

Change
from

Baseline
Baseline

T = 12
weeks

T = 24
weeks

Change
from

Baseline

RBC omega-3
index, % 4.9 (1.2) 5.8 (1.3) 5.3 (1.1) 0.4 (1.0) 4.8 (1.1) 8.7 (2.3) 8.0 (2.6) 3.2 (2.7) <0.0001

RBC EPA + DHA,
μg/mL 32.3 (26.4) 34.9 (21.0) 33.1 (20.5) 1.2 (14.9) 29.6 (17.5) 51.5 (38.9) 52.9 (40.7) 21.2 (28.7) <0.0001

RBC EPA, % 0.54 (0.3) 0.54 (0.2) 0.54 (0.2) 0.002 (0.3) 0.53 (0.2) 1.6 (0.9) 1.4 (0.9) 0.9 (1.0) <0.0001

RBC EPA, μg/mL 3.8 (6.6) 3.7 (2.6) 4.1 (5.7) 0.4 (7.0) 3.0 (2.6) 10.4 (10.7) 10.6 (12.0) 7.1 (10.5) <0.0001

RBC DHA, % 4.3 (1.1) 5.2 (1.2) 4.8 (1.0) 0.4 (0.9) 4.3 (1.0) 7.1 (1.5) 6.6 (1.8) 2.3 (1.9) <0.0001

RBC DHA, μg/mL 28.5 (21.0) 31.2 (18.6) 29.0 (16.2) 0.7 (10.7) 26.6 (15.3) 41.0 (28.8) 42.4 (29.8) 14.1 (19.5) <0.0001

RBC omega-6:
omega-3 4.9 (1.1) 4.5 (0.9) 4.7 (0.8) −0.2 (0.7) 4.9 (1.2) 3.0 (0.9) 3.3 (1.5) −1.6 (1.8) <0.0001

1 p-value is for the mean percentage change from baseline to 24 weeks between placebo and MF4637 groups using
ANCOVA. Values are expressed as Mean (SD). Abbreviations: RBC, red blood cell; DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; T: Time.

3.2. Effect of Intervention on RBC EPA + DHA, EPA and DHA Values

Absolute RBC EPA + DHA increased on average from 29.6 μg/mL at baseline to 52.9 μg/mL at
study completion (representing a significant increase of 21.2 μg/mL) in the MF4637 group, compared
to a 1.2 μg/mL increase from baseline in the placebo group (significance between groups, p < 0.0001)
(Table 3). In terms of absolute values of EPA and DHA separately, RBC EPA increased by a significant
7.1 μg/mL to 10.6 μg/mL at study completion in the MF4637 group versus a 0.4 μg/mL increase
in the placebo group (p < 0.0001) (Table 3). RBC DHA increased by more than EPA, with a mean of
14.1 μg/mL increase to 42.4 μg/mL in the MF4637 group versus a 0.7 μg/mL increase in the placebo
group (p < 0.0001) (Table 3).

Regarding the percentage of individual EPA and DHA as a proportion of total RBC fatty acids,
both parameters increased significantly in the MF4637 group compared to placebo (Table 3). Specifically,
RBC EPA as a percentage of total fatty acids increased by a significant 0.9% to 1.4% in the MF4637
group compared to a 0.002% increase in the placebo group (p < 0.0001). RBC DHA as a percentage of
total fatty acids increased by a greater proportion than EPA, resulting in a 2.3% increase to 6.6% in the
MF4637 group versus 0.4% increase in the placebo group (p < 0.0001).

3.3. Effect of Intervention on RBC Omega-6: Omega-3 Ratio

RBC omega-6: omega-3 ratio was not different between the two groups at baseline. Following
administration of MF4637 for 24 weeks, the RBC omega-6: omega-3 ratio decreased by a mean of 1.6
from 4.9 at baseline to 3.3 at study completion, compared to a 0.2 decrease to 4.7 in the placebo group
(p < 0.0001) (Table 3).

3.4. Effect of Intervention on Liver Fat

In the mITT analysis of liver fat content, 120 participants (60 in each trial arm) completed both the
baseline and end of study MRI-PDFF assessment. In this population, baseline liver fat was 17.4% in
the placebo group and 14.4% in the MF4637 group (p = 0.0689). Both the MF4637 and placebo groups
demonstrated a decrease in liver fat percentage (26% and 28%, respectively), (Table 4). As such, there
was no statistically significant difference in the decrease in liver fat between the groups.
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Table 4. MRI-PDFF liver fat percentage at baseline and after 24-week intervention with placebo
or MF4637.

Placebo 1 MF4637 1

p-Value
T = 0

weeks
T = 24
weeks

Change from Baseline T = 0
weeks

T = 24
weeks

Change from Baseline

Absolute Relative Absolute Relative

Liver fat, % 17.4 (10.4) 12.6 (8.0) −4.4 (6.9) −27.6 14.4 (10.1) 10.7 (7.6) −2.8 (5.8) −25.7 0.1838
1 As assessed for modified ITT population (Placebo, n = 60; MF4637, n = 60). Values expressed as Mean (SD); T: Time.

3.5. Relationship between RBC EPA + DHA Enrichment and Liver Fat Content

Regression analysis of the data by intervention group suggests that the change from baseline in
liver fat percentage was inversely related to the change in absolute RBC EPA + DHA values in the
MF4637 group. Thus, the largest decreases in liver fat were observed in participants with the greatest
increases in absolute RBC EPA + DHA (Figure 2). Hence, whilst there was no significant difference
between MF4637 and placebo with regard to overall reduction of liver fat, there was an association
between increasing RBC EPA+DHA enrichment and decreasing percentage liver fat content.
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Figure 2. Relationship between change in absolute RBC EPA + DHA and change in liver fat.

3.6. Relationship between Baseline Fatty Liver Index (FLI) and Change in Liver Fat Content

Post hoc analysis of the MF4637 group utilizing ANCOVA with baseline fatty liver index (FLI) as
covariate found that, in those patients with higher baseline FLI scores (indicative of more probable
fatty liver), there was a greater reduction in liver fat compared to placebo (Table 5). Following 24
weeks of intervention with MF4637, patients with baseline FLI ≥40 (n = 17) had a placebo corrected,
statistically significant 44% relative decrease in liver fat content (p = 0.009). This equates to a 7.45%
absolute decrease in placebo corrected liver fat content for the MF4637 group.
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Table 5. Change in MRI-PDFF liver fat percentage after 24-week intervention with MF4637 stratified
by baseline FLI score.

Baseline HFF
Mean (SD)

Study End HFF
Mean (SD)

Change in MRI-PDFF Liver Fat Percentage (%)

Absolute Change p-Value 1 Relative Change p-Value 1

FLI <30 2 Placebo 15.6 (11.2) 11.2 (7.8)
2.25 (1.39) 0.11 2.7 (11.3) 0.81

Omega-3 12.5 (8.6) 10.3 (7.7)

FLI ≥30 3 Placebo 20.6 (9.4) 16.0 (7.9) −2.47 (2.53) 0.34 −9.3 (15.3) 0.55
Omega-3 19.3 (11.1) 13.5 (7.0)

FLI ≥40 4 Placebo 20.2 (9.5) 16.3 (8.4) −7.45 (2.81) 0.02 −44.1 (14.6) 0.009
Omega-3 20.7 (10.4) 10.6 (5.2)

1 p-value is for the mean percentage change from baseline to 24 weeks (placebo corrected) using ANCOVA. 2 Data
for n = 89 participants (n = 43 placebo; n = 46 MF4637). 3 Data for n = 28 participants (n = 16 placebo; n = 12
MF4637).4 Data for n = 17 participants (n = 12 placebo; n = 5 MF4637). Values expressed as Mean (SD). Abbreviations:
FLI, Fatty Liver Index; HFF, Hepatic Fat Fraction.

3.7. Relationship between RBC EPA + DHA Enrichment and Liver Enzymes AST and ALT

At study entry, the mean baseline concentrations of the liver enzymes AST and ALT were within
the normal range for both the placebo and MF4637 groups. This is not surprising considering that liver
enzymes may be normal in up to 80% of NAFLD patients [34]. Similar to the relationship between RBC
EPA + DHA enrichment and change in liver fat discussed above, a non-statistical inverse association
was also found between the change in absolute RBC EPA + DHA and change in the concentrations of
the liver enzymes AST and ALT in the intervention group. Thus, with increasing change in absolute
RBC EPA + DHA, there were greater decreases in both AST and ALT concentrations (data not shown).
However, there were significant reductions in AST, ALT and GGT in the placebo group (unrelated to
omega-3 measurements), suggesting that multiple factors may be impacting the clinical outcome of
the study groups.

3.8. Effect of Intervention on Plasma Triglycerides

At study completion, plasma triglycerides (Table 2) decreased by a statistically significant 18%
from baseline values in the intervention group (p = 0.0008) compared to a 7% reduction in triglycerides
from baseline values in the placebo group (p = 0.52; for placebo adjusted effect of M4637 p = 0.053).
The baseline levels for triglycerides were only moderately increased compared to normality and would
clinically be defined as “borderline high”.

4. Discussion

This study demonstrates that intervention with high concentrate omega-3 for 24 weeks
significantly raises the omega-3 index and decreases the omega-6: omega-3 fatty acid ratio in adults
with NAFLD. Furthermore, the EPA and DHA enrichment achieved with intervention was significantly
greater than that obtained by dietary recommendation alone. This is of importance, considering the
depleted omega-3 status of NAFLD patients [15–19] and the current lack of therapeutic options for the
treatment of NAFLD other than lifestyle recommendation [6]. Furthermore, the metabolic efficacy of
the high concentrate omega-3 was confirmed through its significant lowering of plasma triglyceride
levels compared to baseline levels.

When assessing the mITT population from whom baseline and post-intervention data from
MRI-PDFF were available, intervention with both a high concentrate omega-3 and placebo caused a
significant reduction in hepatic steatosis that was significant within each of the groups. There may be
several reasons for the liver fat-lowering effect observed in the placebo group. All study participants
were required to follow the standard-of-care dietary recommendations for the management of NAFLD.
This included adherence to a diet with reduced caloric intake, and increased omega-3 and reduced
omega-6 and trans-fatty acid consumption. Hence, participants in the placebo group may have
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achieved a decrease in liver fat percentage from the effects of these dietary recommendations alone,
particularly from increased omega-3 fatty acid intake from the diet. However, it should be remembered
that the intervention group had a greater increase in omega-3 index than placebo, suggesting a minimal
influence from dietary changes. Similar findings of liver fat improvement in the placebo group have
been reported in several other studies. These studies propose that MRI-PDFF volatility in early NAFLD
subjects may contribute to data variability [35].

Of general note in the current study is the relatively low baseline liver fat by MRI-PDFF (mean
17% and 14% in placebo and intervention groups, respectively), which, together with relatively low
baseline AST and ALT levels, indicate an early stage of NAFLD in this study population. Early stages
of NAFLD are characterized by changeable liver fat content that can be affected by factors such as
high-fat meals. This is in contrast to advanced NAFLD, in which the liver fat is likely to be more stable
and less influenced by such factors.

A further confounding factor may be the high number (over one-third) of diabetic participants,
and the number of subjects taking metformin and thiazolidinedione during the trial. From the mean
baseline fasting insulin and glucose concentrations, the placebo group is also likely to have been more
insulin resistant than the intervention group at study entry. These factors may have had some effect
on liver fat metabolism. Indeed, on stratification of the data by diabetes status, those with diabetes
had a greater reduction in liver fat from baseline (mean decrease of 4.9% in MF4637 group versus
6.3% decrease in placebo group) compared to those that did not have diabetes (mean decrease of 1.6%
in MF4637 group versus 3.3% decrease in placebo group). To date, there have been very few trials
conducted in the diabetic NAFLD population. One limitation of this study is the lack of additional
lifestyle background information on variables that may act as confounders; these include smoking
habits, annual income, academic background, and level of physical activity both at baseline and at the
end of the study.

A number of individual studies and several meta-analyses have reported favorable outcomes
with omega-3 fatty acid intervention in patients with NAFLD [27,36,37]. Despite a high degree of
heterogeneity in patient population, study duration, dose and form of omega-3 fatty acids, a recent
meta-analysis concluded that omega-3 fatty acids are associated with significant improvements in
liver fat content and the liver enzymes ALT and GGT when taking approximately 3 g/day of EPA
and DHA [27]. The positive effect of omega-3 fatty acids on liver fat was also confirmed in an earlier
meta-analysis [37]. Surprisingly, only four of the eight trials performed to date included some form of
measurement of EPA and DHA enrichment following intervention [38–41]. A strength of the current
study is the measurement of both omega-3 fatty acids and omega-6: omega-3 fatty acid ratio, as well
as the quantification of individual EPA and DHA in RBCs at baseline and study completion. This has
enabled additional regression analyses to be performed, which suggest an inverse relationship between
change in absolute RBC EPA + DHA and change in liver fat content and liver enzyme concentrations,
although these data are exploratory and not supported by statistical analysis. Similar findings were
reported in a study of high dose omega-3 in NAFLD patients where beneficial effects on liver fat
content correlated with DHA content in RBCs [40]. Another strength of the current study was the use
of MRI-PDFF to accurately assess change in liver fat content, which is the most accurate assessment
method besides highly invasive liver biopsy [42].

A limitation of this study was the finding of a relatively low level of hepatic steatosis
in participants, which restricted the potential for more significant effects to be observed on
liver-related outcomes.

Post hoc use of the FLI to stratify patients showed an association between higher FLI scores and
greater decrease in hepatic fat in the omega-3 intervention group. FLI scores below 30 are predictive
of a liver without steatosis [10]. The high number of subjects with FLI < 30 confirms that this study
recruited a relatively healthy population. However, highly statistically significant improvements in
hepatic fat content were seen in those with a baseline FLI > 40, suggesting that this patient group
can receive beneficial effects of intervention compared to placebo. Such a use of FLI is in accordance
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with the aims of its developers who propose that the “potential clinical uses of FLI include the
selection of subjects to be referred for ultrasonography and the identification of (NAFLD) patients for
intensified lifestyle counselling” [10]. Stratification by MRI-PDFF assessed steatosis levels was unable
to identify omega-3 “responders”; however, the FLI score was able to do this. In this case, we can
consider the study population as a population enriched for the presence of hepatic steatosis. The FLI
score is composed, in part, of measurements of triglycerides and the liver enzyme GGT. Increased
triglycerides in the liver is the cause of steatosis and increased liver enzymes are a consequence of
liver damage. Plasma triglycerides are sensitive to omega-3 fatty acid intervention. In a meta-analysis,
omega-3 fatty acids were shown to decrease liver enzymes (in particular GGT) in NAFLD patients,
providing evidence that omega-3 intervention has a beneficial effect on liver cell physiology [27].
As such, the FLI may represent an easily available and economic set of biomarkers of relevance for
identifying omega-3 sensitive patients and future studies may consider using this tool a priori for
patient selection/stratification purposes.

5. Conclusions

The current randomized placebo-controlled study supports the use of omega-3 supplementation
to increase the omega-3 index in NAFLD patients, significantly greater than that obtained by dietary
recommendation alone. This study is therefore in line with recently published research which
encourages NAFLD patients to increase their intakes of n-3 LC-PUFAs and confirms their beneficial
effect [27]. The liver fat content of patients was significantly reduced amongst both placebo and
intervention arms, thereby masking any effects omega-3 may have had on the fat content of the
liver. Limitations and suggestions for future study design are discussed. In a post-hoc analysis
significant placebo adjusted reductions in liver fat were seen in sub-populations with a high FLI
score. This economic and easily available test may provide a simple means of identifying omega-3
responsive patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/8/1126/
s1.
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Abstract: Recent publications highlight a frequent loss of muscle mass in chronic liver diseases,
including nonalcoholic fatty liver disease (NAFLD), and its association with a poorer prognosis.
In NAFLD, given the role of muscle in energy metabolism, muscle loss promotes disease progression.
However, liver damage may be directly responsible of this muscle loss. Indeed, muscle homeostasis
depends on the balance between peripheral availability and action of anabolic effectors and catabolic
signals. Moreover, insulin resistance of protein metabolism only partially explains muscle loss during
NAFLD. Interestingly, some data indicate specific alterations in the liver–muscle axis, particularly in
situations such as excess fructose/sucrose consumption, associated with increased hepatic de novo
lipogenesis (DNL) and endoplasmic reticulum stress. In this context, the liver will be responsible
for a decrease in the peripheral availability of anabolic factors such as hormones and amino acids,
and for the production of catabolic effectors such as various hepatokines, methylglyoxal, and uric acid.
A better understanding of these liver–muscle interactions could open new therapeutic opportunities
for the management of NAFLD patients.

Keywords: sarcopenia; protein metabolism; insulin resistance; endoplasmic reticulum stress; hepatokine;
amino acid; uric acid; methylglyoxal

1. Introduction

The loss in muscle mass, often wrongly referred to as sarcopenia, has long been largely neglected in
liver diseases. This is probably partly because of possible difficulties in its assessment due, for example,
to fluid retention. However, several recent studies have shown frequent loss of muscle mass associated
with poor prognosis in various chronic liver diseases. The progressive deterioration of muscle
trophicity in these diseases is therefore receiving increasing attention. Overall, studies demonstrate
muscle loss in nearly 60% of patients with end-stage liver diseases and this is associated with a
worse prognosis [1]. However, muscle loss is already present in the early stages of liver disease and
worsens with its severity [2]. This is particularly the case of nonalcoholic fatty liver disease (NAFLD),
which encompasses a broad spectrum of disorders ranging from simple steatosis to nonalcoholic
steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma, and where loss of muscle mass can
occur very early during the disease. Indeed, in addition to the disturbances in muscle homeostasis
related to metabolic disorders, several pieces of evidence indicate a specific role of the alterations
in liver function in muscle loss. This is particularly important as the progressive deterioration of
muscle trophicity promotes NAFLD progression, given the role of the muscle in energy metabolism.
The alterations in the liver–muscle axis, due to hepatic steatosis, initiate a vicious circle in which liver
disease favors defective muscle protein accretion and in which muscle loss favors metabolic alterations
as well as hepatic steatosis and inflammation.

After examining some epidemiological data on muscle loss in chronic liver diseases and NAFLD,
the authors of this review focus on muscle homeostasis and the different mechanisms by which NAFLD
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can act on muscle protein metabolism, including the decreased peripheral availability and action of
anabolic factors such as hormones and amino acids, and the production of catabolic effectors such as
various hepatokines, methylglyoxal, and uric acid.

It should be noted that many authors speak of sarcopenia while patients present only this loss of
muscle mass. Indeed, the European society for clinical nutrition and metabolism defines sarcopenia, a
term first coined for geriatric patients, as “a syndrome of its own characterized by the progressive and
generalized loss of skeletal muscle mass, strength and function (performance) with a consequent risk
of adverse outcomes” [3].

2. Muscle Loss in Chronic Liver Diseases

The interest in muscle mass loss in liver diseases is the result of recent evidence of its frequency
and its consequences in terms of morbidity and mortality. A meta-analysis of 7 Asian studies and
13 Western studies in patients with liver cirrhosis of various etiologies concluded that muscle loss was
present in 48.1% of patients, more prevalent in men (61.6%) than in women (36%) [4]. Several studies
have shown that muscle loss in liver transplant candidates is associated with increased mortality [2]
and increased risk of complications [4] In a recent systematic review and meta-analysis, the pooled
hazard ratios of muscle loss was 1.84 (95% CI: 1.11–3.05, p = 0.02) for post-transplantation mortality [5].
Moreover, muscle loss appeared to be associated with increased complications, such as infections [6],
ascites, encephalopathy, and variceal hemorrhage [7].

More specifically for NAFLD, most data come from studies in the Korean population. Using data
from the Korean National Health and Nutrition Examination Surveys (KNHANES), Lee et al. [8]
showed that NAFLD was present in 2761 (28.5%) out of 9676 subjects, and that 337 NAFLD patients
(12.2%) had low muscle mass. Hong et al. [9] studied the relationship between muscle mass and liver
disease evaluated by serum gamma-glutamyl transferase (GGT) in 3193 adults aged over 50 years
from the fifth KNHANES. They observed that patients in the highest GGT quintile were 2.3 times more
likely to have low muscle mass than those in the lowest quintile. In a seven-year Korean longitudinal
study [10] on 12,624 subjects without initial NAFLD, followed for occupational medicine purpose,
14.8% of the subjects developed NAFLD and the highest tertile of muscle mass was inversely associated
with the incidence of NAFLD compared to the lowest tertile. Finally, in the study by Koo et al. [11] of
309 subjects with signs of hepatic steatosis, the prevalence of low muscle mass was 8.7% in patients
without NAFLD and 17.9% and 35%, respectively, in biopsy-proven nonalcoholic fatty liver and
NASH patients. In this study, as in Lee’s study [8], low muscle mass was associated with fibrosis
(OR: 2.05, 95% CI: 1.01–4.16, p = 0.034), independently of body mass index and insulin resistance.
This relationship between low muscle mass and fibrosis has also been confirmed in a European cohort
of biopsy-proven NAFLD patients [12].

Given the importance of muscle in energy and nitrogen homeostasis, this muscle loss negatively
affects whole-body metabolism [13]. The consequences on hepatic metabolism are clearly shown,
for example, in the study by Flannery et al. [14] of healthy sedentary elderly subjects. These authors
observed, after a test meal, a twofold higher hepatic de novo lipogenesis (DNL), a threefold higher
postprandial hepatic triglyceride (TG) content, and significantly increased plasma TG compared to
healthy, young subjects. Note that, in a study of 452 apparently healthy adults from the Korean
Sarcopenic Obesity Study [15], patients in the lowest quartile of muscle mass had a 5.2-fold increased
risk of NAFLD compared to the highest quartile (95% CI: 1.63–16.33, p = 0.041). In this study,
hepatic steatosis and skeletal muscle mass index were negatively correlated with insulin resistance,
low grade inflammation, and arterial stiffness, and positively correlated with plasma TG and
alanine aminotransferase.

3. Muscle Protein Homeostasis

To understand the mechanisms by which hepatic disorders may affect muscle protein homeostasis,
the authors will first briefly review some main aspects of the control of protein metabolism in muscle.
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Muscle homeostasis in healthy individuals depends on the fasting–feeding alternation and, at the
cell level, on the balance between protein synthesis and catabolism. Protein synthesis is activated by
anabolic factors such as hormones (insulin and insulin-like growth factor 1 [IGF-1]), and amino acid
(AAs) availability (with AAs such as leucine and arginine playing specific regulatory roles), and it
is inhibited by nutrient deficiency and inflammatory processes. Conversely, protein catabolism is
activated by energy and AA deficiency and inflammatory processes, and it is inhibited by anabolic
hormones [16].

During the postprandial period, anabolic effects of feeding result from increased protein synthesis
and decreased catabolism due to increased availability and action of anabolic effectors. AAs stimulate
protein synthesis; insulin has a permissive effect and increases the supply of nutrients to muscles
through its vasodilatory properties. Insulin-induced inhibition of proteolysis is enhanced by AA
availability [17]. In addition, the activation of protein synthesis depends on specific AAs such as
leucine and arginine; thus, the anabolic effects of feeding also depend on specific qualitative variations
in AA availability [18]. Finally, the vasodilatory effects of insulin play an important role in the
physiological coupling between hemodynamic and metabolic homeostasis [19]. The increase in the
metabolic activity of skeletal muscle requires adequate availability of the substrate for nitric oxide
(◦NO) synthesis (i.e., arginine) to increase blood flow for substrate supply.

On the long term, maintaining skeletal muscle mass also depends on the growth hormone
(GH)/IGF-1 axis. Blood IGF-I is 80% dependent on its GH-induced liver production. Plasma IGF-I is
associated positively with lean body mass and muscle function, and negatively with body fat mass.
IGF-I action is also regulated by its binding to circulating IGF-1 binding proteins (IGFBP) produced by
the liver [20].

Overall, the maintenance of muscle mass requires that the muscles be responsive to these
anabolic effectors and that the anabolic effectors actually and quantitatively reach the muscles.
As indicated below, NAFLD may be associated with a decrease in muscle mass as a consequence
of (i) insulin-resistance; (ii) decreased IGF-1 production by the liver; (iii) decreased AA flows to the
muscles due to increased splanchnic utilization; (iv) a defective postprandial peripheral vasodilatory
response; or (v) the catabolic effect of various mediators, including hepatokines, produced by the liver
in steatosis-induced situations of endoplasmic reticulum (ER) stress.

4. Insulin Resistance and Muscle Homeostasis

A first process that can promote muscle loss is insulin resistance. Depending on the
pathophysiological situation, insulin resistance may either precede NAFLD, due to increased adiposity,
or result from NAFLD as the steatotic liver is the site of increased glucose and TG production; in all
cases, the two processes reinforce each other. Decreased sensitivity of protein turnover to insulin action
has been described in both type 1 and type 2 diabetes [21]. This decrease in insulin sensitivity may
result from several mechanisms such as lipotoxicity, glucotoxicity, and inflammation.

Increased circulating free fatty acid (FFA) concentration favors ectopic lipid deposition and
altered insulin signaling due to the accumulation of TG deposition, for example, in muscle [22].
Moreover, specific FFAs (e.g., palmitate) and lipid metabolites (e.g., ceramide and diacylglycerol) may
induce insulin resistance. It should be noted that palmitate also activates toll-like receptor 4 (TLR4)
and triggers inflammatory processes [23].

Excess glucose induces oxidative stress in muscles and the production of advanced glycation end
products (AGEs) that interact with the receptors of AGEs on muscle cells. These receptors induce the
production of reactive oxygen species and cause inflammation via mitogen-activated protein kinases
and nuclear factor κB pathways [24]. For example, Howard et al. [25] showed that high glucose and
AGEs induce a defect in myocyte membrane repair.

Excess adipose tissue, particularly visceral adipose tissue, is associated with the increased
secretion of pro-inflammatory cytokines, such as tumor necrosis factor α and interleukin-6,
and adipokines (leptin and resistin, whereas insulin-sensitizing adiponectin production decreases)
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which promote insulin resistance [26]. Interestingly, in the authors’ model of fructose-induced NAFLD
in rats, muscle loss was associated with increased visceral adiposity and an inflammatory state [27].

A last mechanism by which insulin resistance may contribute to muscle loss is the above-mentioned
defect in the postprandial peripheral vasodilatory response as it reduces the flow of anabolic factors
to the muscle. Indeed, in addition to its essential metabolic actions, insulin stimulates the production
of nitric oxide (◦NO) by endothelial ◦NO synthase (eNOS). Therefore, in the post-prandial period,
insulin induces vasodilation, increased blood flow and increased availability of substrates and
hormones for target tissues. Insulin resistance is associated with impaired endothelium-dependent
vasodilation and vascular function [19]. There is thus a reciprocal interaction between insulin resistance
and the defect in endothelial ◦NO production. The pathophysiological mechanisms linking these two
processes contribute to metabolic disorders and the cardiovascular features of the metabolic syndrome.
Moreover, insulin resistance states are associated with decreased availability of an important AA,
arginine, the substrate of eNOS for ◦NO synthesis.

5. Metabolic Disorders, Liver Steatosis, and Endoplasmic Reticulum Stress

Although insulin resistance may affect muscle function, it cannot by itself explain the defect in
muscle protein accretion associated with NAFLD and, more specifically, with the excessive consumption
of fructose. Therefore, another process must contribute to muscle protein loss. One explanation could be
excess DNL, the cause of steatosis, leading to hepatic oxidative stress, inflammation, and ER stress.

Under normal conditions, at the hepatic level, FFAs come from white adipose tissue (WAT)
lipolysis during the fasting period, from diet, and from DNL. FFAs will either be esterified into TG
and then exported to the blood as very-low-density lipoproteins (VLDL) or degraded by β-oxidation.
Pathological accumulation of lipids in the liver may result from the excessive entry of FFAs released by
insulin-resistant WAT, particularly visceral adipose tissue, excessive activation of DNL, and alterations
in β-oxidation and lipid excretion as VLDL. In NAFLD patients, approximately 60% of FFAs
come from lipolysis in WAT, nearly 25% result from DNL, and the remainder come from diet [28].
Nutritional factors, such as a diet rich in sucrose/fructose and lipids, and the disequilibrium of the
energy balance thus play a major role in the occurrence of this pathology.

Excessive sucrose or fructose consumption can significantly contribute to liver steatosis
and disease progression. Experimental studies repeatedly demonstrated that a high-sucrose or
high-fructose diet promotes subcutaneous and visceral obesity, insulin resistance, dyslipidemia,
increased blood uric acid, and hypertension [29]. Even moderate doses of fructose can induce
metabolic syndrome, fatty liver, and type 2 diabetes even in the absence of excess energy intake [30].
In humans, a high-fructose intake (>1.5 g/kg/day) can double the intrahepatic fat content within
six days [31]. Conversely, in a pilot study of 15 NAFLD patients, Volynets et al. [32] showed
that a dietary intervention focusing on a 50% reduction in fructose intake was associated with
decreased hepatic steatosis and improved liver function and glucose tolerance. This can be at least
in part explained by the specificities of fructose metabolism in the liver and the excessive activation
of DNL. Indeed, fructose is both a substrate and an activator of DNL through the activation of
carbohydrate-responsive element-binding protein (ChREBP) and sterol regulatory element-binding
protein 1c, two transcription factors controlling the main enzymes involved in DNL [33]. Excess DNL
causes oxidative stress in liver cells and is associated with the development of hepatic inflammation
and insulin resistance [34,35]. It also induces ER stress, which contributes to the aggravation of
NAFLD [34]. The superposition of ER stress and inflammation may lead to the production of various
mediators, such as cytokines, hepatokines, and carbohydrate and lipid derivatives, which can act at
the whole-body level and contribute to alterations in whole-body metabolism [36,37].

With respect to muscle mass loss, studies [27,38,39] have shown that excessive consumption of
fructose or sucrose leads to changes in body composition with fat accumulation and alterations of muscle
protein pool. Interestingly, in a study of community-dwelling elderly subjects, Laclaustra et al. [40]
showed an association between added sugar consumption and the appearance of frailty. Several lines
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of evidence indicate that sucrose-related alterations in liver metabolism, at least in part due to the
conversion of sucrose into lipids in the process of DNL, lead to changes in peripheral organ metabolism
and muscle protein accretion. This is illustrated by the comparison of mouse models of primary
steatosis, resulting from an increase in hepatic DNL, and secondary steatosis resulting from ectopic
lipid deposition, primary steatosis being associated with significantly lower lean body mass [41].

6. Hepatic Endoplasmic Reticulum Stress and Muscle Homeostasis

The question therefore arises about the mechanisms by which these alterations in liver homeostasis
may affect muscle protein metabolism.

6.1. Alterations of the GH/IGF-1 Axis

The bidirectional relationship between steatosis and insulin resistance has already been mentioned.
Steatosis is also associated with alterations of the GH/IGF-1 axis. While data on plasma GH are
inconsistent [42,43], studies agree on a decrease in plasma IGF-1 in NAFLD [42–44]. The liver being
the main organ contributing to plasma IGF-1 concentration, this suggests that NAFLD alters IGF-1
production. Runchey et al. [45] showed in 4172 adults who participated in the NHANES III that
the highest quartiles of IGF-1 and IGF-1/IGFBP-3 were associated with a lower likelihood and
grade of NAFLD. Note that in an exploratory study of healthy volunteers on a high-sucrose diet,
the authors observed an association between increased liver lipid content and decreased plasma
IGF-1 [46]. In a model of Western diet-induced NAFLD in mice, steatosis was associated with a 40%
decrease in IGF-1 hepatic expression [47]. This seems to be specific for liver steatosis, as suggested
by Chishima et al. [43] in a study of Japanese patients with NAFLD or Hepatitis C virus (HCV)
chronic liver disease where IGF-1 levels were decreased in patients with NAFLD but not with HCV.
Moreover, serum IGFBP-3 levels were also decreased, indicating a reduction in blood half-life of IGF-1.
Conversely, hepatic ER stress is associated with the stimulation of IGFBP1 secretion [48]. IGFBP1 is a
modulator of IGF-1 action and its overexpression is associated with hyperinsulinemia and glucose
intolerance [49]. Experimentally, hepatic steatosis-related alterations in GH/IGF-1 axis are associated
with a decrease in muscle myofibrillar protein content and a reduction in muscle strength in the
absence of significant inflammation [47].

6.2. Alterations of Amino Acid Interorgan Fluxes

Disorders of nitrogen homeostasis in situations of stimulated DNL may be an early event
during the development of steatosis [33]. In an experimental model of fructose-induced NAFLD
in rats, the prolonged administration of a fructose-rich diet was associated with a decrease in
lean body mass, an increase in visceral fat mass, and changes in AA plasma levels, notably in
arginine bioavailability. Conversely, an increase in AA availability enable to decrease DNL and
associated alterations in body composition [27]. In healthy volunteers, an essential AA supplement
reduced fructose-induced intrahepatic lipid accumulation [50]. Interestingly, based on their results
showing alterations in blood AA profile in non-diabetic NAFLD patients with or without obesity,
Gaggini et al. [51] concluded that the observed increase in AAs such as branched-chain and aromatic
AAs resulted from an increase in muscle proteolysis. Finally, in overweight hypertriglyceridemic
patients, fructose infusion was associated with altered AA plasma levels and increased splanchnic
extraction [33]. Similarly, postprandial AA availability was impaired in healthy volunteers receiving a
high-sucrose diet [46]. Taken together, these data suggest that excess hepatic DNL is associated with a
reorientation of AA fluxes towards the liver at the expense of muscle protein homeostasis.

6.3. Hepatokines and Muscle Homeostasis

In situations of hepatic ER stress, induced for example by steatosis, an increased production of
some hepatokines and inflammatory cytokines has been demonstrated [52]. In cultured hepatocytes,
steatosis has been associated with changes in the secretion of approximately 30 hepatokines [53].
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Some of these mediators may be involved in muscle loss through a direct effect or through the
deterioration of insulin sensitivity. For example:

(1) Fetuin A is a glycoprotein associated with alterations in glucose and lipid metabolism.
Both experimental and clinical studies showed increased hepatic expression and plasma levels
of Fetuin A during NAFLD. Studies in humans showed a close relationship between plasma
Fetuin A and the metabolic syndrome [54]. Its production by hepatocytes is strongly stimulated
by ER stress [55]. This protein produced primarily by the liver is an endogenous inhibitor
of the insulin receptor tyrosine kinase in skeletal muscle [56]. Fetuin A may also bind TLR4,
stimulating inflammatory pathways [52].

(2) Fibroblast growth factor 21 (FGF21) is a mediator produced primarily by the liver that contributes to
the regulation of energy metabolism and insulin sensitivity [57]. FGF21 is now recognized as a key
player in the adaptive response to starvation and feeding [58]. Fructose induces FGF21 production
by the activation of the transcription factor ChREBP [59]. ER stress modulates FGF21 expression in
the liver [60]. FGF21 is an intriguing hepatokine as it is generally considered as beneficial [59];
however, some data indicate either states of FGF21 resistance or deleterious effects, as suggested
by the very high FGF21 plasma levels observed in patients with insulin resistance [52]. In male
and female rats fed a high-fat high-fructose diet, FGF21 was increased only in males and this was
associated with marked liver damage, inflammation, and oxidative stress [61]. AA deprivation is
also a potent inducer of hepatic FGF21 production via ER stress response [62]; very high levels of
FGF21 could potentially alter nitrogen homeostasis in the context of NAFLD-associated muscle mass
loss. It should be noted that transgenic mice overexpressing FGF21 exhibit increased gluconeogenesis
in the fed state, and that acute treatment with FGF21 induces key enzymes in the gluconeogenic
pathway [62], suggesting an increased hepatic utilization of AAs.

(3) Hepassocin (HPS, hepatocyte-derived fibrinogen-related protein 1 [HFREP1], fibrinogen-like
protein 1 [FGL1]) is increased in NAFLD and induces insulin resistance in muscle [52]. Wu et al.
have shown in humans that increased plasma HPS is independently associated with insulin
resistance [63]. In primary hepatocytes or in vivo in mice, HPS expression is induced by ER stress.
In differentiated myotubes, depending on the dose, HPS activated the c-Jun N-terminal kinase
inflammatory pathway and altered insulin sensitivity [64]. In mice, hepatic HPS overexpression
induced insulin resistance, while its knockdown was associated with improved insulin sensitivity
in high-fat fed mice [63].

6.4. Hepatic Production of Catabolic Factors

Finally, carbohydrate metabolism may lead to the release by the liver of metabolites with
significant peripheral effects.

During normal glycolysis, small amounts of methylglyoxal (MG) may be released. MG is
produced by the fragmentation of the two products of aldolase B, namely glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate. MG is a powerful glycating agent leading to the generation of
AGEs. Under normal conditions, its formation rate represents 0.1–0.4% of glycolytic flux [65], but the
acceleration of glycolytic flux by fructose greatly increases MG formation. MG induces endothelial
dysfunction [66]. Dhar et al. [67] showed an increase in MG formation associated with hypertension in
fructose-fed rats. By acting on vascular function, MG may therefore contribute to a decrease in the
peripheral availability of anabolic hormones and AAs.

A high-fructose intake results in an increased plasma uric acid level [39,68]. First, uric acid can
contribute to fructose-induced metabolic disorders by impairing endothelial function, thereby decreasing
insulin sensitivity by preventing insulin-induced muscle vasodilation. In addition, Zhu et al. [69]
recently showed in mice that uric acid inhibits insulin signaling in muscle and induces insulin resistance.
This effect may be related to uric acid-induced oxidative stress. In a study of severely obese subjects,
Fabbrini et al. [70] observed a 40% decrease in insulin sensitivity in those with increased plasma uric
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acid. In an analysis of data from 7544 subjects who participated in the NHANES III, Beavers et al. [71]
showed an association between increased blood uric acid levels and low muscle mass.

7. Conclusions

Chronic liver diseases contribute to alterations in muscle protein homeostasis, already at the stage
of hepatic steatosis. While this review is limited to alterations in the liver–muscle axis, the situation is
probably even more complex because NAFLD can be considered as a systemic disease affecting not only
the liver and muscles, but also the gut and adipose tissue. High-fat and high-fructose diets, which promote
the development of NAFLD, are associated with alterations in gut microbiota, increased gut
permeability, and bacterial toxin translocation that can affect muscle homeostasis through systemic
inflammation and insulin resistance [72]. Similarly, excessive sucrose consumption is associated with
an increase in visceral adipose tissue in which has a higher production of pro-inflammatory factors
and metabolic alterations than subcutaneous adipose tissue [26]. Muscle mass and function can be
influenced by this adipose tissue dysfunction. The difficulty now becomes to establish the respective
contribution of these different mechanisms in order to better define therapeutic targets.
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AA amino acid
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ChREBP carbohydrate-responsive element-binding protein
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FFA free fatty acid
FGF21 fibroblast growth factor 21
GGT gamma-glutamyl transferase
GH growth hormone
HCV Hepatitis C virus
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IGF insulin-like growth factor
IGFBP IGF binding protein
KNHANES Korean National Health and Nutrition Examination Surveys
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NAFLD nonalcoholic fatty liver disease
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NHANES national health and nutrition examination survey
◦NO nitric oxide
TG triglycerides
TLR4 toll-like receptor 4
VLDL very-low-density lipoprotein
WAT white adipose tissue
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Abstract: Fatty liver is tightly associated with insulin resistance and the development of type 2
diabetes. I148M variant in patatin-like phospholipase domain-containing protein 3 (PNPLA3) gene
is associated with high liver fat but normal insulin sensitivity. The underlying mechanism of the
disassociation between high liver fat but normal insulin sensitivity remains obscure. We investigated
the effect of I148M variant on hepatic lipidome of subjects with or without fatty liver, using the
Lipidyzer method. Liver samples of four groups of subjects consisting of normal liver fat with
wild-type PNPLA3 allele (group 1); normal liver fat with variant PNPLA3 allele (group 2); high liver
fat with wild-type PNPLA3 allele (group 3); high liver fat with variant PNPLA3 allele (group 4);
were analyzed. When high liver fat to normal liver fat groups were compared, wild-type carriers
(group 3 vs. group 1) showed similar lipid changes compared to I148M PNPLA3 carriers (group 4
vs. group 2). On the other hand, in wild-type carriers, increased liver fat significantly elevated
the proportion of specific DAGs (diacylglycerols), mostly DAG (FA18:1) which, however, remained
unchanged in I148M PNPLA3 carriers. Since DAG (FA18:1) has been implicated in hepatic insulin
resistance, the unaltered proportion of DAG (FA18:1) in I148M PNPLA3 carriers with fatty liver may
explain the normal insulin sensitivity in these subjects.

Keywords: NAFLD; liver; PNPLA3; diacylglycerol; lipidomics
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is characterized by elevated hepatic lipid content [1].
NAFLD is claimed to be a benign illness, however, it can further develop to nonalcoholic steatohepatitis
(NASH), liver fibrosis, cirrhosis and hepatocellular carcinoma [2]. The prevalence of NAFLD is
continuously increasing, and currently it is estimated to be higher than 20% in industrialized
countries [3]. Despite this high prevalence of NAFLD and its complication NASH, there is no
established effective drug therapy, which is generally approved for these illnesses [4]. NAFLD/NASH
patients are advised to lose weight with lifestyle intervention (mostly consisting of healthy diet and
exercise [4]), however, not all patients benefit from these interventions [5]. To treat NAFLD/NASH,
several drugs have been shown to be beneficial in animal models [6,7], and novel activators for
peroxisome proliferator-activated receptor (PPAR) (elafibranor) and farnesoid X receptor (FXR)
(obeticholic acid) are currently under phase 3 studies in human cohorts with promising results [4].
NAFLD is a strong determinant of insulin sensitivity and the development of type 2 diabetes, however,
some distinct genetic causes for the dissociation of liver fat content and insulin sensitivity have
been identified [1].

The rs738409 C>G single nucleotide polymorphism (SNP) in the patatin-like phospholipase
domain-containing protein 3 (PNPLA3) gene is a common inherited trait, which results in an amino
acid exchange I148M leading to a functional mutation of PNPLA3 [8]. At this position, both hetero-
(I148M) and homozygous (M148M) variants are described. The prevalence of PNPLA3 variants
vary due to ethnicity of the population [9] and 34–37% (I148M) and 4–9% (M148M) are described in
studies analyzing German or European-American populations, respectively [8,10]. Several studies
demonstrated that I148M PNPLA3 carriers showed an altered metabolic phenotype on nutritional
challenges compared to wild-type subjects. Dietary intake of carbohydrates was shown to modify
the association between PNPLA3 genotype and circulating triglyceride levels [11]. Carbohydrate
overfeeding led to an increased de-novo lipogenesis in proportion to the increase in liver fat and serum
triglycerides in subjects with I148I carriers, which however, was not observed in M148M carriers [12].
Furthermore, the M148M PNPLA3 variant influenced the changes in liver fat and docosahexaenoic
acid tissue enrichment during a 15–18 months addition of omega 3 fatty acids [13]. The presence of
rs738409 SNP was positively associated with elevated liver fat, however, carriers do not show insulin
resistance [8,10,14]. On the other hand, some subjects carrying the I148M variant show normal liver fat
content, and the function of PNPLA3 in these subjects is not studied yet. PNPLA3 has several enzyme
activities, it was reported to be involved in lipid hydrolysis (as a triacylglycerol lipase) and synthesis
(as a lysophosphatidic acyltransferase) [15]. The I148M variant is claimed to show lower lipolysis of
hepatic triacylglycerols (TAGs) [16] and elevated hepatic TAG synthesis [17]. However, for subjects
carrying I148M PNPLA3 variant a lower de novo lipogenesis is also reported [18]. The discrepancy
between high liver TAG level and normal insulin sensitivity in I148M carriers is not resolved yet [19],
but altered hepatic TAG pattern, especially long-chain polyunsaturated fatty acid content, is reported
in rodent and human studies analyzing I148M PNPLA3 carriers [14,15,20]. Several lipid species are
implicated in the state of insulin resistance in patients with NAFLD [21]. Elevated ceramide [15] or
high diacylglycerol (DAG) content [22,23] have been found in the liver of rodents and human subjects
with insulin resistance. Furthermore, quantitative measurements of unique lipid species have been
previously shown to broaden our knowledge to understand complex diseases, such as cystic fibrosis,
NAFLD and type 1 diabetes and pave the way for identifying new lipid biomarkers [24–27].

In order (i) to study the function of I148M PNPLA3 variant in subjects with normal and high liver
fat and, (ii) to analyze the key metabolic lipids (also including detailed measurements of individual
ceramide and diacylglycerol lipid species) possibly evoking insulin resistance in wild-type but not
in I148M PNPLA3 carriers, we studied the liver of subjects with normal and high hepatic TAG
content with wild-type or I148M (heterozygous), as well as M148M (homozygous) PNPLA3 variants.
To examine the lipid profiles, we decided to perform an unbiased lipidomic analysis using the Lipidyzer
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platform, which was originally established for plasma samples [28], therefore, we applied it with an
adapted protocol for solid tissue lysates.

2. Materials and Methods

2.1. Human Liver Samples, Total Liver TAG Measurement, and PNPLA3 Genotyping

For the analysis of liver tissue samples, a cohort of European descendent men and women
undergoing liver surgery at the Department of General, Visceral, and Transplant Surgery at the
University Hospital of Tübingen was included in the present study. None of the patients were
diagnosed with an abuse of alcohol, however, no detailed data on alcohol consumption was
consistently collected. The liver tissue was collected during hepatic surgery that was performed
for different reasons, e.g., hepatic hemangioma, curative resection of hepatic metastases of colorectal
malignancies or hepatocellular carcinoma. Patients fasted overnight before collection of liver samples.
Exclusion criteria were viral hepatitis infection and liver cirrhosis. Informed, written consent was
obtained from all participants, and the Ethics Committee of the University of Tübingen approved the
protocol (239/2013BO1) according to the Declaration of Helsinki. Liver samples taken from normal,
non-diseased tissue, were quickly frozen in liquid nitrogen and stored at −80 ◦C. To measure total TAG
content, liver tissue samples were homogenized in phosphate buffered saline containing 1% Triton
X-100 with a TissueLyser (Qiagen, Hilden, Germany) and determined as described previously [29,30].
In order to match subjects for similar body weight, BMI (body mass index) and age as well as for
different liver TAG content, subjects showing less than 3.0% liver TAG content were classified as
normal TAG group and subjects showing more than 4.3% liver TAG were classified as high TAG
group. For PNPLA3 genotyping, total DNA was isolated from whole blood using a DNA isolation kit
(NucleoSpin, Macherey and Nagel, Düren, Germany). The I148M PNPLA3 variations were genotyped
using Sequenom’s massARRAY System with iPLEX software (Sequenom, Hamburg, Germany) as
described previously [14]. Plasma ALT levels were measured with routine clinical chemistry [10].

2.2. Lipidyzer Platform

The Lipidyzer™ platform (SCIEX, Darmstadt, Germany) was used for the whole lipid analysis
work flow. Briefly, 10 mg liver was solubilized in 100 μL internal standards (IS, Avanti Polar Lipids,
Inc., AL, USA) and 200 μL of 75% methanol was added and hepatic lipids were extracted using methyl
tert-butyl ether (MTBE) as described previously [31]. The following isotopes labeled internal standards
were used dCER(d16:0), dCE(16:0), dCE(16:1), dCE(18:1), dCE(18:2), dCE(20:3), dCE(20:4), dCE(20:5),
dCE(22:6), dDAG(16:0/16:0), dDAG(16:0/18:0), dDAG(16:0/18:1), dDAG(16:0/18:2), dDAG(16:0/18:3),
dDAG(16:0/20:4), dDAG(16:0/20:5), dDAG(16:0/22:6), dFFA(16:0), dFFA(17:1), dLPC(16:0),
dLPE(18:0), dPC(16:0/16:1), dPC(16:0/18:1), dPC(16:0/18:2), dPC(16:0/18:3), dPC(16:0/20:3),
dPC(16:0/20:4), dPC(16:0/20:5), dPC(16:0/22:4), dPC(16:0/22:5), dPC(16:0/22:6), dPE(18:0/18:1),
dPE(18:0/18:2), dPE(18:0/18:3), dPE(18:0/20:3), dPE(18:0/20:4), dPE(18:0/20:5), dPE(18:0/22:5),
dPE(18:0/22:6), dSM(16:0), dSM(18:1), dSM(24:0), dSM(24:1), dTAG50:1-FA16:0, dTAG52:1-FA18:0,
dTAG52:2-FA18:1, dTAG52:3-FA18:2, dTAG52:4-FA18:3, dTAG54:4-FA20:3, dTAG54:5-FA20:4,
dTAG56:7-FA22:6, dDCER(16:0), dHCER(16:0), and dLCER(16:0). For each injection, 50 μL of extracted
lipid sample was introduced by flow injection (FIA) using a Nexera X2 system (Shimadzu Germany
GmbH, Duisburg, Germany), equipped with a 50 μL-sample loop. A Lipidyzer™ included
750 × 0.05 mm PEEKsil™ (Trajan Scientific Europe Ltd., Milton Keynes, UK) sample tubing was
used to connect the autosampler valve with the grounding union on the electrospray ionization (ESI)
source, and a 350 × 0.05 mm PEEKsil™ (Trajan Scientific Europe Ltd, Milton Keynes, UK) sample
tubing was used to connect the grounding union with the ESI electrode having 65 μm inner diameter.
The flow profile for the flow injection was determined by the Lipidyzer™ acquisition method with
a flow rate during the data acquisition period being 7 μL/min. The mass spectrometry analysis was
performed on a Lipidyzer™ Platform, including the Sciex QTRAP® (SCIEX, Darmstadt, Germany) 5500
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system equipped with SelexION® (SCIEX, Darmstadt, Germany) Technology (differential mobility
separation, DMS). Multiple reaction monitoring (MRM) was used to target and quantitate several
hundreds of lipid molecular species from 13 different lipid classes. All samples were first measured in
positive and negative polarity with SelexION separation, followed by measurement without SelexION
separation. The acquisition time per sample took approximately 25 min for the complete acquisition.
All data was acquired and processed automatically using the Lipid Manager Workflow software
(SCIEX, Darmstadt, Germany). This provides the following data tables: (i) quantitative results for each
lipid class as a sum of individual species; (ii) mole percent composition obtained computationally from
lipid molecular species data; and (iii) accurate lipid species compositions.

2.3. Data Evaluation

Missing values, which were not possible to measure and showed zero values, were handled as
follows: From the complete data set, lipids, which showed higher values than zero at least in 50% of
any group were kept, otherwise they were discarded. To determine whether the groups separate from
each other according to PNPLA3 genotype or hepatic TAG content, multivariate partial least squares
discriminant analysis (PLS-DA) were performed using soft independent modeling of class analogy
(SIMCA, Umetrics, Umea, Sweden). The 761 individual lipid species and the 84 sum of lipid classes
were summed up and these 845 lipid values were logarithmic transformed and were statistically
evaluated, as written below.

2.4. Statistics

To determine statistical different lipid species caused by increased liver fat, group 3 (high liver fat,
wild-type PNPLA3 allele) was compared to group 1 (normal liver fat, wild-type PNPLA3 allele) as well
as group 4 (high liver fat, variant PNPLA3 allele) was compared to group 2 (normal liver fat, variant
PNPLA3 allele) using GraphPad Prism (7.03). Multiple t-tests were applied with Benjamini-Hochberg
correction and false discovery rate (FDR) was set <5%. Furthermore, analysis of variance (ANOVA)
with Holm-Sidak´s post hoc test were applied as it is indicated.

3. Results

3.1. Characteristics of Study Groups

To distinguish between the effect of increased liver TAG content and PNPLA3 genotype, subjects
were matched for body weight, BMI and age and divided into the following four groups: subjects
showing normal liver fat with wild-type PNPLA3 (group 1); normal liver fat with I148M PNPLA3
variant (group 2); high liver fat with wild-type PNPLA3 (group 3) and high liver fat with I148M
PNPLA3 variant (group 4) (Table 1).

Our study groups consisted of overweight subjects with similar age, weight, BMI and ALT levels
(Table 1). Liver fat was significantly higher in high TAG groups compared to normal groups (group 3
vs. 1 and group 4 vs. 2), but was not different in I148M PNPLA3 carriers compared to wild-type
carriers (Table 1). Both variant PNPLA3 groups (groups 2 and 4) consisted of one homozygous M148M
(MM) carrier and the rest of the subjects were heterozygous I148M (IM) carriers (Table 1).

In order to study the effect of I148M PNPLA3 variant on hepatic lipid species in subjects with
normal and high liver fat, a complete lipid profile was measured using a novel Lipidyzer approach.
The following 13 lipid classes were analyzed: triacylglycerols (TAG), diacylglycerols (DAG), free fatty
acids (FFA), ceramides (CER), dihydroceramides (DCER), hexosylceramides (HCER), lactosylceramides
(LCER), phosphatidylcholines (PC), lysophosphatidylcholines (LPC), phosphatidylethanolamines (PE),
lysophosphatidylethanolamines (LPE), cholesterol esters (CE), and sphingomyelins (SM). Among these
lipid classes, 761 individual lipid species were measured and 84 sums of individual classes were
calculated. In order to investigate whether the hepatic lipid profile of groups with different PNPLA3
genotype or various liver TAG content was different from each other, we first analyzed the data with
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multivariate partial least squares discriminant analysis (PLS-DA). PLS-DA showed that normal TAG,
wt PNPLA3 (group 1) and high TAG, wt PNPLA3 (group 3) formed distinct groups, however, normal
TAG, var PNPLA3 (group 2) and high TAG, var PNPLA3 (group 4) groups were rather similar taking
into account all 761 individual lipid species (Figure 1).

Table 1. Characteristics of study groups.

Characteristic
Group 1

Normal TAG,
wt PNPLA3

Group 2
Normal TAG,
var PNPLA3

Group 3
High TAG,

wt PNPLA3

Group 4
High TAG,

var PNPLA3

Age (years) 59.3 ± 12.6 60.6 ± 16.4 64.0 ± 11.8 65.1 ± 14.5
Body weight (kg) 79.3 ± 9.9 80.3 ± 13.5 86.2 ± 11.1 87.1 ± 13.1

BMI (kg/m2) 26.1 ± 3.2 28.0 ± 5.3 31.0 ± 3.4 28.6 ± 4.0
ALT (U/L) 24.5 ± 6.5 22.0 ± 5.2 31.1 ± 9.3 35.7 ± 18.6

Liver fat (%) 1.1 ± 0.8 1.5 ± 0.7 5.9 ± 2.0 *** 7.6 ± 2.9 ***
PNPLA3 148 (II/IM/MM) (n) 8/0/0 0/7/1 8/0/0 0/6/1

Sex (m/f) (n) 6/2 4/4 5/3 5/2
Number of subjects (n) 8 8 8 7

TAG: liver triacylglycerol content; PNPLA3: patatin-like phospholipase domain-containing protein 3; wt: wild-type
allele with I148I; var: I148M variants, which encode I148M (heterozygous) or M148M (homozygous) variants,
respectively. ALT: alanine aminotransferase, BMI: body mass index. Numbers denote averages ± standard
deviations in the first five lines. *** denotes significant differences between group 3 vs. 1 or group 4 vs. 2 illustrating
the effect of liver TAG content; p < 0.001. Significance was calculated using ANOVA with Holm-Sidak’s post-hoc
test and assumed as p < 0.05. By the comparisons of group 2 vs. 1 and group 4 vs. 3 no significant differences were
found for I148M PNPLA3 variant vs. wild-type carriers.

Figure 1. Partial least squares discriminant analysis (PLS-DA) score plot. Each spot represents one
liver sample of the denoted group according to component 1 (x axis) and 2 (y axis). Dashed lines
denote possible separation of the groups taking into account all 761 individual lipid species. TAG:
liver triacylglycerol content; wt: wild-type allele with I148I; var: I148M variants, which encode I148M
(heterozygous) or M148M (homozygous) variants, respectively.

3.2. I148M PNPLA3 Variant Does Not Change Relative Total Lipid Contents

As a next step, the sum of 13 lipid classes was evaluated. With increased liver TAG content,
we observed significantly higher relative levels of TAG and DAG lipids (calculated as % of total lipid
content, Table 2). On the other hand, the relative content of FFA, CER, DCER, HCER, PC, LPC, PE,
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LPE, and SM were significantly lower in high TAG vs. normal TAG groups (Table 2). The presence of
I148M PNPLA3 variant did not significantly influence the sum of lipid classes (Table 2).

Table 2. Relative lipid contents of individual classes in percent.

Lipid Class
%

Group 1
Normal TAG,
wt PNPLA3

Group 2
Normal TAG,
var PNPLA3

Group 3
High TAG,

wt PNPLA3

Group 4
High TAG,

var PNPLA3

TAG 25.63 ± 12.49 35.22 ± 15.30 68.64 ± 11.26 *** 69.82 ± 11.86 ***
DAG 0.60 ± 0.30 0.57 ± 0.17 0.92 ± 0.12 * 1.02 ± 0.20 **
FFA 7.23 ± 3.57 6.07 ± 1.71 2.60 ± 1.12 *** 2.37 ± 1.01 **
CER 0.26 ± 0.04 0.25 ± 0.08 0.10 ± 0.03 *** 0.10 ± 0.05 ***

DCER 0.03 ± 0.01 0.03 ± 0.01 0.01 ± 0.00 *** 0.01 ± 0.01 ***
HCER 0.07 ± 0.02 0.05 ± 0.02 0.03 ± 0.01 *** 0.02 ± 0.01 **
LCER 0.06 ± 0.01 0.06 ± 0.03 0.04 ± 0.02 0.03 ± 0.01

PC 38.51 ± 9.74 33.06 ± 8.63 14.86 ± 6.41 *** 14.75 ± 7.83 ***
LPC 0.66 ± 0.22 0.60 ± 0.14 0.24 ± 0.14 *** 0.28 ± 0.17 **
PE 20.43 ± 5.80 17.84 ± 5.82 8.19 ± 3.24 *** 7.29 ± 3.10 ***

LPE 0.16 ± 0.05 0.15 ± 0.03 0.06 ± 0.03 *** 0.07 ± 0.04 ***
CE 2.45 ± 0.34 2.84 ± 0.45 2.73 ± 0.60 2.86 ± 0.48
SM 3.91 ± 0.81 3.28 ± 0.81 1.59 ± 0.67 *** 1.37 ± 0.60 ***

TAG: triacylglycerols, DAG: diacylglycerols, FFA: free fatty acids, CER: ceramides, DCER: dihydroceramides,
HCER: hexosylceramides, LCER: lactosylceramides, PC: phosphatidylcholines, LPC: lysophosphatidylcholines,
PE: phosphatidylethanolamines, LPE: lysophosphatidylethanolamines, CE: cholesterol esters, SM: sphingomyelins;
wt: wild-type allele with I148I; var: I148M variants, which encode I148M (heterozygous) or M148M (homozygous)
variants, respectively. Numbers denote averages ± standard deviations. * denotes significant differences between
group 3 vs. 1 or group 4 vs. 2 illustrating the effect of liver TAG content; * p < 0.05, ** p < 0.01, *** p < 0.001.
Significance was calculated using ANOVA with Holm-Sidak´s post-hoc test and assumed as p < 0.05. By the
comparisons of group 2 vs. 1 and group 4 vs. 3 no significant differences were found for I148M PNPLA3 variant vs.
wild-type carriers.

3.3. Increased Liver Fat Content Is Associated with High Proportion of DAG (FA18:1) Species in Subjects
with Wild-Type PNPLA3, However, DAG (FA18:1) Remains Unchanged in I148M PNPLA3 Carriers

In order to study the combination effect of increased liver fat content and PNPLA3 variant on
hepatic lipid profile, we next compared the relative proportion of lipid species in high liver fat to
normal liver fat groups from subjects with wild-type (group 3 vs. 1) or with I148M PNPLA3 carriers
(group 4 vs. 2) (Figure 2 and Supplementary Table S1).

Although in wild-type carriers many individual DAGs decreased with increased hepatic TAG
content, the proportion of DAG (C16:0/C18:1), DAG (C18:0/C18:1), DAG (C18:1/C18:1) as well as the
sum of DAG (FA18:1) were increased (Figure 2, first diagram, grey arrows). These FA18:1 containing
DAGs remained however, unaltered in I148M PNPLA3 variant carriers (Figure 2, second diagram,
grey arrows). Furthermore, various individual CE lipids decreased and many individual shorter TAG
lipids were elevated in wild-type subjects due to increased liver TAG content; however, these lipid
species remained unaltered in I148M PNPLA3 carriers (Supplementary Table S1). These results indicate
that subjects, who carry the I148M PNPLA3 variant do not increase the proportion of DAG (FA18:1)
lipid levels upon increased hepatic TAG, although many other lipid species altered similarly compared
to wild-type carriers.
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Figure 2. Individual DAGs and their sums, which are significantly changed due to high vs. normal
TAG level in subjects with wild-type PNPLA3 (first diagram) and I148M PNPLA3 carriers (second
diagram). Column diagrams depict linear fold changes calculated from the proportion of relative
individual lipid species and sums, which were significantly altered due to increased liver TAG content
in wild-type carriers (first diagram) or in I148M PNPLA3 carriers (second diagram). Positive ratios
denote lipids, which are higher in subjects with high liver TAG content compared to normal TAG group,
whereas negative ratios denote lipids, which are lower in subjects with high liver TAG content compared
to normal TAG group. For DAGs, both fatty acid chains were determined (see as DAG(XX:X/YY:Y).
First numbers denote the length of fatty acid chain and second number after “:” denote the number
of double bounds. DAG(FAXX:X) depict the sum of DAGs with the denoted fatty acid chain (FA).
Bold lipids depict DAG(FA18:1) lipid species, which are significantly increased in wild-type PNPLA3
carriers, but remained unchanged in I148M PNPLA3 carriers. TAG: liver triacylglycerol content;
wt: wild-type allele with I148I; var: I148M variants, which encode I148M (heterozygous) or M148M
(homozygous) variants, respectively. ns: non-significant differences.

4. Discussion and Conclusions

The I148M PNPLA3 variant is the best characterized and most influential determinant of
NAFLD [19]. Patients with this PNPLA3 variant are also characterized with higher prevalence
of NASH and hepatocellular carcinoma [19], however, they show normal insulin sensitivity [8,14].
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The underlying mechanism of the dissociation between high liver fat and normal insulin sensitivity
remains obscure.

To study the key lipid species, which are known to be involved in hepatic insulin resistance [21],
we performed an unbiased lipidomics analysis from subjects with high and normal liver fat content
with wild-type or I148M PNPLA3 variants. Our data showed, that DAG (FA18:1) lipid species were
elevated in the liver of wild-type carriers upon increased liver fat content, however, these lipids
remained unaltered in subjects, who carry I148M PNPLA3 variant. When the enzyme activity of
wild-type PNPLA3 was characterized, PNPLA3 (as a lipase) showed hydrolytic activity against mono-
(MAG), di- and triacylglycerols [16]. Interestingly, Huang et al. also observed that the wild-type
PNPLA3 strongly prefers oleic acid (C18:1)-containing lipids as a substrate [16]. The I148M PNPLA3
variant was not studied for substrate preference, but it showed diminished hydrolytic activity against
MAG, DAG, and TAG. Since PNPLA3 owns substrate specificity against C18:1 containing lipids and
the I148M variant show diminished TAG hydrolytic activity, it is conceivable that in patients carrying
I148M variant, liver TAG(FA18:1) species could be recognized by PNPLA3 in a lower extent than
in wild-type carriers, hindering accumulation of DAG (FA18:1). On the other hand, PNPLA3 is not
the only lipase metabolizing TAGs and some TAG(FA18:1) lipid species showed lower, but some
others showed higher levels in the I148M PNPLA3 variants upon increased liver TAG content when
compared to wild-type carriers (Supplementary Table S1).

Rodent studies suggested that PNPLA3 deficiency is associated with reduced hepatic DAG
(FA18:1) content. High sucrose diet fed PNPLA3 knock-out mice showed only a decreased DAG
(34:1) lipid content (probably consisting of DAG (C16:0/C18:1)), however, all other lipid species
(phosphatidic acid, lysophosphatidic acid, TAG or other DAGs) remained unchanged compared
to wild-type controls [17]. Knock-down of PNPLA3 with antisense oligonucleotides in high fat
diet fed rats resulted in ameliorated hepatic steatosis, which was associated with lower total DAG,
DAG (C16:0/C18:1) and DAG (C18:1/C18:1) lipid species [32]. The authors suggested that the lower
levels of these DAGs led to reduction of membrane localized (activated) protein kinase C epsilon
(PKCε) level, which could not interfere with insulin signaling and this mechanism was postulated
to be the reason for the improved hepatic insulin sensitivity found in these PNPLA3 knock-down
animals [32]. Jelenik et al. demonstrated that mice with hepatic insulin resistance showed elevated
hepatic content of DAG (C16:0/C18:1) and DAG (C18:1/C18:1) lipid species, which was associated with
higher PKCε activation and reduced tyrosine phosphorylation of insulin receptor substrate 2 (IRS2),
which is a hallmark of impaired insulin signaling [22]. Furthermore, there are several studies [33],
which reported an elevated DAG (FA18:1) content in skeletal muscle of insulin resistant patients with
obesity [34] and type 2 diabetes [35]. The authors claimed that the elevated DAG levels could activate
PKC theta (PKCΘ) in skeletal muscle, which in turn leads to impaired insulin signaling causing insulin
resistance [35]. Moreover, elevated DAG species were also found in the liver of subjects, who showed
hepatic insulin resistance [23]. From all DAG species, hepatic cytosolic level of DAG (C16:0/C18:1)
and DAG (C18:1/C18:1) were two out of the three most abundant DAGs, which showed the strongest
negative correlation with suppression of endogenous glucose production (EGP) [23]. Impairment
in the suppression of EGP is a sign for hepatic insulin resistance [36,37]. These results indicate that
elevation of DAG (FA18:1) lipid species is a characteristic of insulin resistance and impairment in
PNPLA3 function is associated with lower content of hepatic DAG (FA18:1). Whether DAG (FA18:1)
is attributed to specific functions in comparison with other DAG species is not clarified yet, but it
is possible. Dziewulska et al. reported that mice fed with triolein diet (TAG (C18:1/C18:1/C18:1))
resulted in elevation of DAG (FA18:1) in skeletal muscle, which was associated with higher PKCΘ
activation but lower serine phosphorylation of protein kinase B and diminished glucose transporter 4
translocation [38], which are signs for insulin resistance [39]. The authors also observed, that tristearin
diet (TAG (C18:0/C18:0/C18:0)) feeding did not exert the former effects [38]. These results suggest that
DAG (FA18:1) possibly owns a specific function among DAGs and it could serve as a strong activator
of PKCs (PKCε in the liver and PKCΘ in the muscle), which, in turn, could diminish insulin signaling.

81



Nutrients 2018, 10, 1314

The PNPLA3 variant cohorts consisted of mainly heterozygous (I148M) and only one homozygous
(M148M) carrier in each group. Previous studies also combined hetero- and homozygous
carriers of the PNPLA3 variant and did not report differences in lipid composition or insulin
sensitivity [8,10,15,40] suggesting that these variants are comparable. We, therefore, also analyzed
all carriers of the PNPLA3 I148M/M148M genotype together in this study. The limitations of this
study are the comorbidities of the subjects and the small study size, however, surgical samples were
necessary to obtain sufficient tissue for the lipid analyses. Since we did not have detailed information
on alcohol intake of the patients, it cannot be ruled out that some of the patients had an alcohol related
cause of fatty liver rather than NAFLD. Furthermore, liver samples fulfilling the criteria of the defined
groups were very limited. Therefore, further sub-analyses exceeding the initially selected groups are
not possible in this study.

We found that fatty liver in subjects carrying wild-type PNPLA3 is associated with elevated
hepatic DAG (FA18:1) content. These DAG (FA18:1) species were shown to disturb insulin signaling
in the liver [22,23]. However, hepatic DAG (FA18:1) species remained unaltered in subjects carrying
I148M PNPLA3 allele with fatty liver. Therefore, we hypothesize that I148M PNPLA3 carriers may be
protected from insulin resistance via the unaltered content of DAG (FA18:1) species due to impaired
PNPLA3 TAG lipase activity (Figure 3).

 
Figure 3. Hypothetical scheme showing the association between I148M PNPLA3 variant and normal
insulin sensitivity. Arrows demonstrate higher (↑) or lower (↓) metabolite contents, transcript levels,
enzyme activities or insulin sensitivity, respectively. Previous data shown, that liver fat content is
positively associated with hepatic mRNA expression of PNPLA3, which was not altered in subjects
carrying I148M PNPLA3 variant [10,14,32]. Our lipid data showed that hepatic DAG (FA18:1) species
were elevated in fatty liver of wild-type PNPLA3 carriers (A), which was not observed in I148M PNPLA3
carriers (B). Elevated DAG (FA18:1) in the liver was shown to activate protein kinase c epsilon (PKCε),
which, in turn, reduces tyrosin phosphorylation of insulin receptor substrate 2 (P-Tyr-IRS2) [22,23], a key
molecule transmitting insulin signaling in the liver [39]. Due to the attenuated tyrosin phosphorylation
of IRS2, insulin sensitivity could be impaired (as postulated earlier [22,23]) in subjects carrying wild-type
PNPLA3 allele, but not in I148M PNPLA3 carriers.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2072-6643/10/9/
1314/s1. Table S1. Lipids and sum of lipids, which are significantly changed due to high vs. normal TAG level
in subjects.
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Abbreviations

DAG Diacylglycerol
FA Fatty acid
group 1 Subjects with normal liver fat and wild-type PNPLA3
group 2 Subjects with normal liver fat and I148M/M148M PNPLA3 variants
group 3 Subjects with high TAG and wild-type PNPLA3
group 4 Subjects with high TAG and I148M/M148M PNPLA3 variants
MAG Monoacylglycerol
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
PKC Protein kinase C
PNPLA3 Patatin-like phospholipase domain-containing protein 3
TAG Triacylglycerol
var I148M/M148M PNPLA3 variants
wt Wild-type PNPLA3 allele
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Abstract: While the impact of dietary cholesterol on the progression of atherosclerosis has probably
been overestimated, increasing evidence suggests that dietary cholesterol might favor the transition
from blunt steatosis to non-alcoholic steatohepatitis (NASH), especially in combination with high
fat diets. It is poorly understood how cholesterol alone or in combination with other dietary
lipid components contributes to the development of lipotoxicity. The current study demonstrated
that liver damage caused by dietary cholesterol in mice was strongly enhanced by a high fat
diet containing soybean oil-derived ω6-poly-unsaturated fatty acids (ω6-PUFA), but not by a
lard-based high fat diet containing mainly saturated fatty acids. In contrast to the lard-based diet the
soybean oil-based diet augmented cholesterol accumulation in hepatocytes, presumably by impairing
cholesterol-eliminating pathways. The soybean oil-based diet enhanced cholesterol-induced
mitochondrial damage and amplified the ensuing oxidative stress, probably by peroxidation of
poly-unsaturated fatty acids. This resulted in hepatocyte death, recruitment of inflammatory cells,
and fibrosis, and caused a transition from steatosis to NASH, doubling the NASH activity score. Thus,
the recommendation to reduce cholesterol intake, in particular in diets rich in ω6-PUFA, although
not necessary to reduce the risk of atherosclerosis, might be sensible for patients suffering from
non-alcoholic fatty liver disease.

Keywords: NASH; non-alcoholic fatty liver disease (NAFLD); cholesterol; PUFA; inflammation;
oxidative stress
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1. Introduction

The poor reputation of dietary cholesterol traces back to its supposed promoting role in the
development of atherosclerosis [1]. However, the impact of dietary cholesterol on atherosclerosis has
apparently been largely overestimated [2,3] and more recent recommendations for cardio-protective
diets do not include the previously suggested radical reduction of cholesterol intake [4]. Although from
the point of view of atherosclerosis, dietary cholesterol might be less relevant than previously assumed,
it has reentered the focus of interest because of its potential role in the progression of non-alcoholic
fatty liver disease (NAFLD) [5,6].

NAFLD describes a range of liver pathologies that have in common a lipid accumulation in
hepatocytes in the absence of significant alcohol intake. NAFLD is a major and growing health
problem [7]. While in recent years the prevalence of NAFLD in the general population has attained a
level of 25%, it is present in the vast majority of overweight or obese patients and is considered the
hepatic manifestation of the metabolic syndrome [8]. The disease pattern ranges from fully reversible
blunt steatosis (NAFL) to a chronically progressive disease (non-alcoholic steatohepatitis, NASH) that
is characterized by varying degrees of hepatocyte death, inflammation, and fibrosis and may ultimately
result in liver cirrhosis, hepatocellular carcinoma, and terminal organ failure [9]. The transition from
steatosis to the more severe forms of the disease occurs in roughly one third of affected patients, but it
is still unclear what triggers this progression. However, there is evidence that dietary cholesterol might
impact this transition. A number of independent animal experimental studies showed that enrichment
of a high fat diet with 0.2 to 2% cholesterol resulted in a rapid progression from blunt steatosis to
a NASH-like phenotype with ballooning, infiltration with inflammatory cells, and fibrosis [10–14].
Similarly, animal experiments [15] and clinical studies [16] using the cholesterol uptake inhibitor
ezitimibe suggest that inhibition of cholesterol uptake from the gut might protect against NASH
development. The mechanisms of how dietary cholesterol might trigger the transition to NASH have
so far not been fully elucidated. The supposed mechanisms include activation of ER-stress response in
hepatocytes, impairment of mitochondrial function resulting in oxidative stress, and the activation of
resident or infiltrating macrophages by danger-associated molecular patterns (DAMPs) released from
cholesterol-laden dying hepatocytes [17,18].

Our current study supports the view that dietary cholesterol can trigger NASH-development by
causing mitochondrial dysfunction and oxidative stress and shows that these patho-mechanisms are
severely aggravated by the presence of poly-unsaturated fatty acids (PUFA) in dietary fat.

2. Materials and Methods

All chemicals were of analytical or higher grade and obtained from local providers unless
otherwise stated.

Animals and experimental design. Male C57BL/6JRj mice (own breeding) were housed in type
II-cages at 20 ± 2 ◦C with a 12 h light/dark-cycle. Mice were randomly assigned to one of the
following diet groups with free access to food and drinking water for 20 weeks: standard chow diet
(V153 R/M-H; Ssniff, Soest, Germany) (STD), 0.75% cholesterol on a standard diet (CHO + STD),
0.75% cholesterol in a high fat diet containing ω6-PUFA-rich soybean oil (CHO + SOY; Altromin,
Lage, Germany) or 0.75% cholesterol in a high fat diet containing mainly lard as fat source (CHO
+ LAR, D12451; Research Diets, New Brunswick, NJ, USA). Detailed diet composition is shown in
Table 1. Mice had access to wooden gnawing sticks to avoid excessive teeth growth. Body weight was
measured weekly. Mice were killed by cervical dislocation after isoflurane anesthesia. Serum and
organs were snap-frozen in liquid nitrogen and stored at −70 ◦C for biochemical analysis, aliquots of
the organs were fixed for histological examination. Animal experiments were performed according to
the ARRIVE guidelines. Treatment of the animals followed the German animal protection laws and
was performed with approval of the state animal welfare committee (LUGV Brandenburg, V3 2347).
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Table 1. Diet composition. Mice diets used in the feeding experiment. Standard chow diet (STD),
0.75% cholesterol in a Standard diet (CHO + CHO), 0.75% cholesterol in a high fat diet containing
ω6-PUFA-rich soybean oil (CHO + SOY), 0.75% cholesterol in a high fat diet containing mainly lard as
fat source (CHO + LAR).

STD CHO + STD CHO + SOY CHO + LAR

Metabolizing energy (kcal/g) 3.06 3.06 4.64 4.73
Energy from carbohydrates (%) 65 65 35 35

Energy from protein (%) 25 25 16 20
Energy from fat (%) 10 10 49 45

Cholesterol (%) 0.00 0.75 0.75 0.75
Fatty acid composition

Saturated fatty acids (g/100g) 0.55 0.55 4.00 7.26
Mono-unsaturated fatty acids (g/100g) 0.64 0.64 5.75 8.69
Poly-unsaturated fatty acids (g/100g) 2.01 2.01 14.50 6.36

In vivo experiments. Body fat content was measured at the beginning and at the end of the diet
intervention by nuclear magnetic resonance spectroscopy (EchoMRI 2012 Body Composition Analyzer,
Houston, TX, USA). The oral glucose tolerance test was performed in week 18 after an overnight fast
by oral gavage of glucose (2 mg/kg body weight). Glucose and insulin levels were measured at the
times indicated by a glucose sensor (Breeze2, Bayer; Berlin, Germany) or an insulin ELISA kit (Crystall
Chem; Downers Grove, IL, USA).

Serum and tissue analysis. Serum parameters were quantified by an automated analyzer
(Cobas Mira S, Hoffmann-La Roche, Basel, Switzerland) with the appropriate commercially available
reagent kits. Liver triglycerides were determined by TRIGS-assay (Randox; Crumlin, UK). Total
and free cholesterol in liver tissue was determined by a modified version of a protocol described
previously [19]. Briefly, frozen tissues were homogenized by sonication using phosphate buffer
(10 mM, pH 7.4) containing 1% polyoxyehylen-10-tridecylether. Homogenates were heated (5 min at
70 ◦C) to inactivate enzymes and then centrifuged for 10 min at 4 ◦C. Aliquots of supernatant were
incubated in the presence or absence of 0.5 U/mL of cholesterol esterase to quantify the total and free
cholesterol, respectively. The reaction buffer contained 100 mmol/L Tris (pH 7.7); 6 mmol/l phenol,
1 mmol/L 4-aminoantipyrine, 4 mmol/L 3,4-dichlorophenol, 10 mmol/L sodium cholate, 3 g/L fatty
alcohol polyglycol ether, 50 mmol/L MgCl2, 0.2 U/mL cholesterol oxidase, and 0.4 U/mL peroxidase.
The quinoneimine dye formed after 30 min is proportional to the quantity of cholesterol and was
detected at 500 nm. A calibration curve was performed using a cholesterol solution 200 mg% (m/v)
in fatty alcohol polyglycol ether (3 g/L). The esterified cholesterol was quantified by the difference
between total and free cholesterol. Malondialdehyde was quantified by HPLC with fluorescence
detection as described previously [11].

Histology. Formalin-fixed and paraffin-embedded liver sections (2–3 μm) were stained
with Hematoxylin & Eosin or Sirius Red (both Sigma-Aldrich, Taufkirchen, Germany).
Immunohistochemistry analyses were performed with anti-F4/80 antibody (AbD Serotec, Bio-Rad,
Munich, Germany). Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) assay
was achieved with the Click-iT™ TUNEL Colorimetric IHC Detection Kit (Thermo Fisher Scientific,
Berlin, Germany). Histological steatosis, inflammation and fibrosis were graded according to the
NASH activity score (NAS) [20,21] by a liver pathologist (KJ) blinded to the diet. Quantification
of histological staining of Sirius Red, F4/80, and TUNEL-positive cells was performed by using
ImageJ software (version ImageJ 1.51j8, Wayne Rasband, National Institutes of Health, USA) in images
of five randomly chosen fields of each liver. Details are described in the Methods section of the
Supplementary Material.

Real-time RT-PCR analysis. RNA isolation, reverse transcription, and qPCR were performed
as previously described [22]. Results are expressed as relative gene expression normalized to
expression levels of reference genes (Hprt, Eef2 and Srsf4) according to the formula: fold induction =
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2 (a − b) gene of interest/2 (a − b) reference genes. Parameter “a” is the arithmetic mean of all Ct-values from
samples of the STD group and parameter “b” is the Ct-value of every single sample. For calculations
with more than one reference gene the geometric mean of the difference (a − b) of each reference gene
was used.

Western blot and Oxyblot analysis. Western blot was performed as described previously [23]
with anti-PGC-1α antibody and oxidative phosphorylation cocktail for Western blot (both abcam,
Cambridge, UK), as well as Ponceau S-staining (Sigma-Aldrich, Taufkirchen, Germany) as
a loading control. Oxyblot analysis was done as described [11] with anti-DNP antibody
(Sigma-Aldrich, Taufkirchen, Germany). Visualization of immune complexes was performed by
using a chemoluminescence reagent in the ChemiDoc™ Imaging System with ImageLab software
(Bio-Rad, Munich, Germany).

Statistical analysis. The statistical significance of differences was determined by one-way-ANOVA
with Tukey’s post hoc test for multiple comparisons or Krukal-Wallis test for non-parametric
samples as detailed in the legends to the figures using GraphPad Prism version 6 for Windows
(GraphPad Software, La Jolla, California, CA, USA). Differences with a p ≤ 0.05 were considered
statistically significant.

3. Results

3.1. Diet-Induced Weight Gain, Insulin Resistance and NAFLD

Mice received either standard chow diet (STD), chow diet enriched with 0.75% cholesterol (CHO
+ STD), a soybean oil-based high fat diet with 0.75% cholesterol (CHO + SOY) or a lard-based high
fat diet with 0.75% cholesterol (CHO + LAR) for 20 weeks, as described in Table 1. Animals on
both high fat diets gained more weight than animals fed either chow diet or cholesterol-enriched
chow diet (Figure 1A). The high fat diet-induced weight gain could be attributed to an increase in
fat mass (Figure 1B) while the fat-free mass remained largely unaltered. Despite similar weight gain
and increase in fat mass, animals fed the CHO + LAR diet were significantly more insulin resistant
than animals receiving CHO + SOY diet (Figure 1C). As expected from the body weight data, CHO +
STD-fed animals showed no signs of insulin resistance.

Serum cholesterol levels increased only slightly (20%) in animals receiving the CHO + STD diet
(Figure 2A). By contrast, serum cholesterol concentrations were doubled in comparison to the control
in animals receiving either one of the high fat diets with cholesterol. Notably, no difference in serum
cholesterol levels was observed between CHO + SOY- and CHO + LAR-fed animals (Figure 2A).

Unexpectedly, but in keeping with data of many independent studies in the literature [11,24,25],
serum triglyceride levels were not elevated but instead were decreased in animals receiving either
one of the cholesterol-enriched diets, irrespective of their fat content (Figure 2B). Total cholesterol was
increased in livers of all animals receiving cholesterol-enriched diets. However, whereas CHO + STD
and CHO + LAR-fed animals showed a similar approximately 2 to 3-fold increase in hepatic cholesterol
content, animals receiving CHO + SOY diet exhibited a 6-fold increase in hepatic total cholesterol
content (Figure 2C). Notably, free cholesterol was not significantly increased in CHO + STD-fed or
CHO + LAR-fed animals in comparison to STD-fed animals, whereas free cholesterol content was
doubled in CHO + SOY-fed mice (Figure 2C). In line with this, high amounts of cholesterol crystals
could be detected only in livers of CHO + SOY-fed mice whereas only few or no cholesterol crystals
were visible in livers of CHO + STD or CHO + LAR-fed mice (own observation).
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Figure 1. Increase in body weight, fat mass and insulin resistance in mice fed a CHO + SOY or
CHO + LAR diet for 20 weeks. (A) Cumulative body weight change. (B) Fat mass in week 20.
(C) Insulin resistance index was calculated by the sum of the products of insulin concentration × glucose
concentration during the oral glucose tolerance test. Values are median (line), upper- and lower
quartile (box) and extremes (whiskers) of 17–35 (A,B) or 8–10 (C) mice per group. Statistics: Multiple
Student’s t-test for unpaired samples (A) or one-way-ANOVA with Tukey’s post hoc test for multiple
comparisons (B,C). * p < 0.05.

 

Figure 2. Diet-induced changes in serum and liver lipids after 20 weeks. (A) Cholesterol concentrations
in serum. (B) Triglyceride concentrations in serum. (C) Levels of free and esterified cholesterol in liver.
(D) Triglyceride levels in liver. Values are median (line), upper- and lower quartile (box) and extremes
(whiskers) (A,B,D) or mean and sem (C) of 17–35 mice per group. Statistics: One-way-ANOVA with
Tukey’s post hoc test for multiple comparisons. *: p < 0.05. Separate statistic for free and esterified
cholesterol (C): #: vs. STD, $: vs. CHO + STD, §: vs. CHO+ LAD with p < 0.05.
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Although weight gain was unaltered in animals receiving CHO + STD diet, these animals had
a pronounced hepatic steatosis (see below, Figure 4). Hepatic triglyceride content increased more
than twofold in comparison to chow-fed animals (Figure 2D). Hepatic triglyceride accumulation was
more pronounced in animals receiving cholesterol-enriched high fat diets. Livers of CHO + SOY-fed
and CHO + LAR-fed animals contained 7-fold or 5-fold more triglycerides than STD-fed animals,
respectively (Figure 2D). The difference between the two high fat diets was, however, not significant.

In summary, mice fed a CHO + SOY diet accumulated significantly higher amounts of free
and esterified cholesterol in the liver compared to mice fed one of the other cholesterol-containing
diets. Since the CHO + STD, CHO + SOY and CHO + LAD diets contained equal amounts of
cholesterol, the combination of dietary cholesterol and ω6-PUFA-rich soybean oil may favor hepatic
cholesterol accumulation.

The more pronounced increase in hepatic cholesterol content can either be the consequence of
an enhanced uptake or a diminished excretion or conversion of cholesterol. In accordance with the
latter hypothesis, the expression of the cholesterol export pump Abcg5 was induced more than
fourfold in animals receiving either CHO + STD or CHO + LAR diet (Figure 3A). By contrast,
the export pump was induced merely twofold, and hence significantly less, in animals receiving CHO
+ SOY diet than in either of the other two cholesterol containing diets (Figure 3A). Gene expression
of Abcg8, the heterodimerization partner of Abcg5, was similar, yet it did not reach significance
(Figure 3B). In comparison to the standard chow diet, Abca1, another cholesterol transporter mainly
expressed in macrophages, was induced approximately 1.32-fold in livers of mice fed any of the
cholesterol-containing diets. The increase was significant only in the CHO + STD diet group and no
significant differences between the cholesterol-fed groups were observed.

 

Figure 3. Markers of cholesterol metabolism in mice fed a cholesterol-containing diet for 20 weeks.
Relative mRNA expression of the cholesterol transporters ATP-binding cassette sub-family G (Abcg)
member 5 (A) and 8 (B), the cholesterol- metabolizing enzymes cytochrome P450 family 27 a1
(Cyp27a1, C) and family 7 a1 (Cyp7a1, D) as well as the transporters for the cholesterol intake LDL
receptor (Ldlr, E) and LDL receptor related protein 1 (Lrp1, F) in mice liver. Values are median
(line), upper- and lower quartile (box) and extremes (whiskers) of 17–35 mice per group. Statistics:
One-way-ANOVA with Tukey’s post hoc test for multiple comparisons. *: p < 0.05.
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In addition, the expression of Cyp27a1, a key enzyme for the conversion of cholesterol into bile
acids, was significantly repressed in livers of CHO + SOY-fed mice (Figure 3C). Similarly, Cyp7a1 was
repressed in CHO + SOY-fed animals, whereas it was unaffected or even induced in CHO + LAR diet
and CHO + STD diet-fed animals, respectively (Figure 3D). Gene expression of the LDL receptor was
repressed to a similar extent in livers of animals receiving any of the three cholesterol-containing diets
(Figure 3E). By contrast, the expression of the LDL receptor related protein 1 (Lrp1) was slightly or
significantly reduced in livers of animals receiving the CHO + STD or CHO + LAR diets, whereas
expression was unaltered in livers of CHO + SOY-fed animals (Figure 3F).

In conclusion, the enhanced cholesterol accumulation in livers of CHO + SOY-fed mice can be
explained by a decreased Abcg5-mediated cholesterol export, reduced Cyp27a1-dependent conversion
of cholesterol into bile acids, as well as impaired repression of Lrp1-related cholesterol uptake
into hepatocytes.

Following, livers were examined histologically to determine the NASH activity score (NAS)
(Table 2 and Figure 4). No signs of NAFLD were detected in livers of STD-fed control animals.
By contrast, all animals receiving cholesterol-enriched diets had a positive NAS. However, while the
average NAS for CHO + STD-fed and CHO + LAR-fed animals reached a maximum of 4 and hence
indicated the presence of blunt steatosis, the average NAS of CHO + SOY-fed mice was above 7, clearly
indicating the presence of active NASH (Table 2).

 

Figure 4. CHO + SOY diet induced steatohepatitis with steatosis, fibrosis, and macrophage infiltration.
Mice received the diets for 20 weeks. Representative microphotographs of liver sections, magnification
10× or 20×.
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Table 2. NASH activity score grading steatosis, ballooning (hepatocyte hypertrophy), inflammation,
and fibrosis. Values are mean ± SEM of 17–35 mice per group. Statistics: Kruskal-Wallis test with
Dunn’s post hoc test for multiple comparisons. #: vs. STD, $: vs. CHO + STD, §: vs. CHO + LAD with
p < 0.05.

Scoring Parameter STD CHO + STD CHO + SOY CHO + LAR

Steatosis 0.00 ± 0.00 1.53 ± 0.37 (#) 3.77 ± 0.08 (#,$,§) 2.41 ± 0.33 (#)
Hepatocyte hypertrophy 0.00 ± 0.00 0.35 ± 0.15 1.73 ± 0.10 (#,$,§) 0.76 ± 0.18 (#)

Inflammation 0.10 ± 0.05 0.53 ± 0.15 1.50 ± 0.13 (#,$,§) 0.41 ± 0.12
Fibrosis 0.26 ± 0.08 0.59 ± 0.12 0.80 ± 0.07 (#) 0.47 ± 0.12

NASH activity score (NAS) 0.36 ± 0.10 3.00 ± 0.59 (#) 7.80 ± 0.20 (#,$,§) 4.06 ± 0.49 (#)

3.2. Diet-Induced Inflammation and Fibrosis

All cholesterol-containing diets apparently triggered an inflammatory response in the liver.
However, in accordance with the higher NAS, animals receiving the CHO + SOY diet showed more
pronounced signs of inflammation (Figure 4 right panel, quantification in Figure 5B). The expression
of the chemotactic cytokine Ccl2 (Mcp-1) was increased about two-fold in animals receiving CHO +
STD or CHO + LAR diets, whereas an almost 10-fold increase was observed in CHO + SOY diet-fed
animals (Figure 5A). Consequently, the expression of the macrophage markers F4/80, Cd68, and Cd11b
was increased by all cholesterol-containing diets, but was significantly higher in CHO + SOY-fed
animals than in animals receiving any of the other diets (Figure 5B–D). Similarly, the induction of
the pro-inflammatory cytokine TNF-α was two-fold higher in livers of CHO + SOY-fed mice than in
animals that received the CHO + STD or CHO + LAR diet (Figure 5E). Inducible nitric oxide synthase
(Nos2, iNos), a key enzyme in inflammation-dependent NO production was only induced in livers of
CHO + SOY-fed animals (Figure 5F). Furthermore, a significantly higher amount of TUNEL-positive
hepatocytes were detected in livers of CHO + SOY-fed mice compared to mice fed any of the other
diets, showing increased hepatic apoptosis (Figure 5G).

In order to assess fibrosis, liver slices were stained with Sirius Red (Figure 4). A significant
increase in fibrosis was only observed in animals receiving CHO + SOY diet, whereas all other animals
only showed minor age-appropriate positive staining for Sirius Red (Figure 5H). In accordance with
these histological data, collagen 1a1 expression was slightly induced in animals fed CHO + STD or
CHO + LAR diets, whereas a more than 10-fold induction was observed in livers of CHO + SOY-fed
mice (Figure 5I).

These results show that only mice fed a CHO + SOY diet developed clear signs of hepatic
inflammation with macrophage infiltration and increased expression of pro-inflammatory cytokines as
well as hepatocyte apoptosis and liver fibrosis.
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Figure 5. Enhanced macrophage infiltration, inflammation, apoptosis and fibrosis in mice fed a CHO
+ SOY diet. Mice received the diets for 20 weeks. (A) Relative mRNA expression of the chemokine
Ccl2 (alternative name Mcp-1) in mice liver. (B) Quantification of F4/80-stained microphotographs
of the liver. (C,D,E,F) Relative mRNA expression of the macrophage markers Cd68 (C) and Cd11b
(D, gene name Itgam), the cytokine tumor necrosis factor α (TNF- α, E) and the enzyme inducible
nitric oxide synthase 2 (F, alternative name iNos) in mice liver. (G) Quantification of hepatocyte
apoptosis by TUNEL assay. (H) Quantification of Sirius Red-stained microphotographs of the liver
calculated by dense intensity of Sirius Red relative to the amount of cytosolic background per field in 5
randomly chosen microphotographs per liver section. (I) Relative mRNA expression of the fibrosis
marker collagen 1a1 (Col1a1) in mice liver. Values are median (line), upper- and lower quartile (box)
and extremes (whiskers) of 17–35 (A,C,D,E,F,I), 4–7 (B,G) or 13–16 (H) mice per group. Statistics:
One-way-ANOVA with Tukey’s post hoc test for multiple comparisons. *: p < 0.05.

3.3. Diet-Induced Mitochondrial Damage and Oxidative Stress

The cholesterol-dependent induction of liver damage has previously been attributed to
mitochondrial damage resulting from cholesterol accumulation in mitochondrial membranes.
However, judging from the expression of complex I, II, and IV of the respiratory chain, dietary
cholesterol alone apparently did cause low but no severe mitochondrial damage in our model
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(Figure 6A). A mild reduction of complex I, II, and IV content was also observed in livers from
animals receiving CHO + LAR diet. In stark contrast, complex I, II, and IV proteins were dramatically
reduced in livers of CHO + SOY-fed animals, indicating severe mitochondrial damage in only this
group (Figure 6A). In keeping with these data, the amount of PGC-1α protein was strongly reduced in
livers of animals receiving the CHO + SOY diet (Figure 6B).

 

Figure 6. Increased mitochondrial damage and oxidative stress in mice fed a CHO + SOY diet for
20 weeks. (A,B) Hepatic protein expression of the oxidative phosphorylation complexes (A) and
PGC-1α (B). Dense intensity was normalized to Ponceau S staining, which was verified on the
same Western blot membrane as a loading control and calculated relative to the STD group in each
gel. A representative blot is shown. All original blots are provided in the Supplementary Material,
Figures S1 and S2. (C) Concentration of malondialdehyde in liver as a marker of lipid peroxidation.
(D) Determination of protein carbonyls in liver homogenates verified by oxyblot with Ponceau staining
as a loading control. Blots were cut at the dotted lines. Original blots are shown in the Supplementary
Material, Figure S3. Values are median (line), upper- and lower quartile (box) and extremes (whiskers)
of 8–10 (A,B) or 9–28 (C) mice per group. Statistics: One-way-ANOVA with Tukey’s post hoc test for
multiple comparisons. *: p < 0.05.
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Impairment of mitochondrial respiration causes severe oxidative stress. Accordingly, levels of
malondialdehyde, a reaction product of lipid peroxidation of unsaturated fatty acids, and protein
carbonyls were only increased in livers of CHO + SOY-fed mice (Figure 6C,D).

Thus, cholesterol-induced mitochondrial damage and oxidative stress was clearly enhanced by
soybean oil-derived PUFA probably due to augmented lipid peroxidation.

3.4. Oxidative Stress Preceding Inflammation

In order to elucidate whether oxidative stress in livers of CHO + SOY-fed animals was the
cause or consequence of the inflammation observed in the livers of these animals, the CHO + SOY
diet was fed for a shorter period, i.e., 19 days. While liver steatosis, a reduction of PGC-1α, a
reduction of complexes of the respiratory chain as well as signs of oxidative stress were already
present after 19 days of feeding, no increase in inflammatory markers was detectable, indicating
that mitochondrial damage and oxidative stress precede the development of inflammation (Figure 7,
Figure S4 in Supplementary Material).

 

Figure 7. Enhanced mitochondrial damage but no signs of inflammation in mice fed a CHO + SOY
diet for 19 days. Mice received the STD CHO + SOY diet for 20 weeks or 19 days. (A) Representative
H&E-stained microphotographs of the liver. (B) Hepatic protein expression of PGC-1α after 20 week
and 19 days feeding intervention. Dense intensity was normalized to Ponceau S staining, which was
verified on the same Western blot membrane as a loading control and calculated relative to the STD
group in each gel. A representative blot is shown. All original blots are provided in the Supplementary
Material, Figure S4. (C) Quantification of F4/80-stained microphotographs of the liver calculated
by dense intensity of F4/80 relative to the amount of cytosolic background per field in 5 randomly
chosen microphotographs per liver section. (D,E) Relative mRNA expression of Ccl2 (D, alternative
name Mcp-1) and tumor necrosis factor α (TNF-α, E) in mice liver. Values are median (line), upper-
and lower quartile (box) and extremes (whiskers) of 6 (B,C) or 6–7 (D,E) mice per group. Statistics:
One-way-ANOVA with Tukey’s post hoc test for multiple comparisons. *: p < 0.05.
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4. Discussion

In our current study we showed that dietary cholesterol induced hepatic steatosis and NAFLD
independent of the accompanying lipid content of the diet. However, histological signs of progression
to NASH, hepatocyte apoptosis, infiltration with inflammatory cells, and fibrosis only developed
when dietary cholesterol was combined with a soybean oil-based high fat diet rich in ω6-PUFA.
Our results indicate the contribution of two potentially cooperating mechanisms to this transition:
(1) soybean oil-derived PUFA increased hepatic cholesterol accumulation, most likely by repression of
pathways that are responsible for the elimination of cholesterol via the bile. (2) soybean oil-derived
PUFA augmented cholesterol-induced mitochondrial damage and oxidative stress presumably via
lipid peroxidation.

4.1. PUFA-Dependent Increase in Cholesterol Accumulation

An increase in hepatic cholesterol accumulation by a soybean oil-based high fat diet has been
observed previously in a study that compared the tissue distribution of cholesterol in rats fed a soybean
oil-based or tallow-based high fat diet [26]. Yet, the underlying mechanisms were not analyzed in this
early study. Hepatic cholesterol accumulation in the presence of dietary PUFA could result either from
increased hepatic uptake or decreased removal.

Since dietary cholesterol is absorbed via the chylomicron pathway, an increase in hepatic
cholesterol uptake should most likely be mediated by an augmented hepatic clearance of
remnant particles or absorption of HDL cholesterol. Both processes involve the LDL receptor,
the LDL-receptor-related protein 1, and the scavenger receptor class B type1. While the LDL receptor,
as expected, was downregulated in animals fed any of the cholesterol-containing diets, gene expression
of the LDL receptor related protein 1 (Lrp1) was reduced only in animals receiving CHO + STD or CHO
+ LAR diets, but not in the CHO + SOY-fed animals (Figure 3E,F). These differences were however
rather small and unlikely to account for the two-fold increase in hepatic cholesterol observed in CHO
+ SOY-fed animals (Figure 2C). In the literature, a PUFA-induced increase in SR-B1 expression was
described in a genetically obese rat strain [27] that was supposed to result in a more efficient hepatic
uptake of cholesterol from HDL and hence might contribute to hepatic cholesterol accumulation and
at the same time contribute to the anti-atherogenic effect of dietary PUFA.

The current data indicate that a dietary PUFA-dependent inhibition of cholesterol removal from
the liver either as free cholesterol or after conversion into bile acids is the more likely explanation
for the pronounced cholesterol accumulation in livers of CHO + SOY-fed animals. Cholesterol can
be excreted directly into the bile by the ABCG5/ABCG8 export pump [28]. The expression of Abcg5
was induced four- to sixfold in CHO + LAR- or CHO + STD-fed animals, respectively. By contrast a
significantly lower twofold induction was observed in livers of CHO + SOY-fed animals (Figure 3A,B).
Similarly, the expression of the genes for enzymes involved in bile acid formation was repressed by
CHO + SOY diet feeding. The CHO + SOY diet is rich in ω6-PUFA whereas the content in ω3-fatty
acids is relatively low. In contrast to ω6-PUFA, ω3-PUFA appeared to increase the expression both of
cholesterol export pumps and key enzymes of bile acid synthesis [29]. Interestingly, whereas ω6-fatty
acids favor accumulation of cholesterol in the liver, long chain ω3-poly-unsaturated fatty acids seem to
counteract this effect. Thus, hamsters fed a diet that contained 38% linoleic acid (18:2(ω6)) accumulated
almost twice as much cholesterol ester in the liver as animals fed a similar diet in which half of the
linoleic acid was replaced by long chain ω3-fatty acids, mainly eicosapentaenoic acid (20:5(ω3)) and
docosahexaenoic acid (22:6(ω3)) [30]. Similarly, hepatic cholesterol content was reduced by long chain
ω3-PUFA supplementation in mice fed a high fat high cholesterol diet rich in ω6-fatty acids [31].
This might in part explain why supplementation with ω3-fatty acids has repeatedly been reported to
protect from NAFLD or NASH development [32,33] while depletion of ω3-PUFA increased hepatic
steatosis [34].

Also highly unlikely, it cannot be entirely excluded that apart from the pronounced differences in
the fatty acid composition minor differences in the protein composition between the two high fat diets
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also contributed to the different phenotypes observed in particular to hepatic lipid accumulation, since
diets extremely rich in protein appear to protect from hepatic steatosis [35].

4.2. PUFA-Dependent Enhancement of Oxidative Stress

Dietary cholesterol initially accumulates in the hepatocyte. This results in an increase in cholesterol
content in the membranes of different cellular compartments and the subsequent impairment of their
function. Thus, it has been shown that an increment in the cholesterol content of the ER membrane may
result in the inhibition of the ER calcium pump, a drop in ER calcium concentration, impaired protein
folding, and ER stress ([18] and references therein). It has, however, been questioned, whether this
mechanism is relevant for NASH development [36]. Similarly, accumulation of cholesterol in the outer
phospholipid monolayer of lipid droplets has been assumed to impair lipid turnover and may result
in the formation of cholesterol crystals in lipid droplets [12]. Most importantly, however, excessive
incorporation of cholesterol in mitochondrial membranes has been shown to impair the function of the
α-ketoglutarate carrier that is responsible for the import of reduced glutathione from the cytosol into
the mitochondrion [37]. As a consequence, the quenching of reactive oxygen species formed in the
respiratory chain is impaired and oxidative stress ensues [38]. The oxidative stress further impairs
mitochondrial function and may sensitize the hepatocyte to other death-inducing signals. Apparently,
this mechanism was further aggravated by the presence of PUFA in the CHO + SOY diet, since only the
combination of cholesterol with soybean oil-based high fat diet resulted in a reduction of mitochondrial
respiratory chain proteins and PGC-1α, the master regulator of mitochondrial biogenesis (Figure 6A,B),
as well as profound oxidative stress leading to the formation of large amounts of protein carbonyls
(Figure 6D). Apart from enhancing cholesterol accumulation in the hepatocyte (see above), PUFA
might amplify cholesterol-dependent oxidative stress by lipid peroxidation chain reactions resulting,
among others, in the formation of malondialdehyde (Figure 6C). Lipid peroxides have been shown
to decrease the content of mitochondrial respiratory chain proteins [39] and cause mitochondrial
dysfunction. A reduction in the content of mitochondrial respiratory chain proteins in the liver of
NASH patients has been described [25]. Lipid peroxidation also favors the non-enzymatic formation
of oxysterols. While oxysterols at low concentrations activate liver X receptor (LXR) and may initiate
pathways that protect against consequences of a cholesterol overload, high oxysterol concentrations
induce apoptosis by triggering the mitochondrial apoptotic pathway [40] in hepatoma cells or primary
rat hepatocytes, in particular if cells were exposed to a combination of oxysterols and fatty acids.
In addition, oxysterols at high concentrations appear to contribute to cell death by antagonizing
Akt-dependent survival pathways [41]. Oxysterols are elevated in NAFLD patients [42] and may be
causative in NASH development [43].

The oxidative stress-induced death of the cholesterol laden hepatocytes might then trigger the
subsequent inflammatory response and the initiation of the development of fibrosis. Notably, signs
of mitochondrial damage and oxidative stress preceded the development of inflammation (Figure 7).
Hepatocyte detritus may be taken up by Kupffer cells and infiltrating macrophages that have been
shown to form crown-like structures around dying hepatocytes [44]. Since cholesterol cannot be
removed by macrophages, this results in a self-perpetuating chronic inflammation that triggers scar
formation and fibrosis (Figure 4). Activation of macrophages and stellate cells by cholesterol or
cholesterol crystals [11,12,45] and oxysterols [46] has been shown to promote this process.

4.3. Possible Clinical Impact

There is evidence that dietary cholesterol may also favor NASH development in humans [47–49]
and the interruption of intestinal cholesterol absorption by ezetimibe has been shown to be beneficial
in NAFLD patients in a meta-analysis of several clinical studies [16]. Notably, in one study ezetimibe
reduced the NASH activity score without affecting steatosis [50]. A possible interaction between
dietary cholesterol and fatty acid composition of the diet apparently was not systematically analyzed
in human studies. However, meta-analysis of several clinical studies showed that supplementation
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with long chain ω3-PUFA caused a more or less pronounced reduction in the plasma levels of
alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT), and γ-glutamyltransferase
(GGT), indicating a reduction of liver damage. However, the actual NASH activity score was not
determined [51].

5. Conclusions

A direct translation of the results of the current study to a dietary recommendation for humans
is beyond any doubt inappropriate. However, the data suggest that the recommendation to replace
saturated fat by fat from sources rich in ω6-PUFA without a simultaneous reduction of cholesterol
intake may be sensible from the point of view of protection against cardiovascular diseases and
possibly other consequences of the metabolic syndrome, however, may not be advisable from the point
of view of NASH development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/9/1326/
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liver homogenates; Supplementary Figure S4: Increased mitochondrial damage and oxidative stress in mice fed a
CHO + SOY diet for 19 days.
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Abstract: The role of nutrition and diet in the development of non-alcoholic fatty liver disease
(NAFLD) is still not fully understood. In the present study, we determined if dietary pattern and
markers of intestinal permeability differ between overweight children with and without NAFLD.
In addition, in a feasibility study, we assessed the effect of a moderate dietary intervention only
focusing on nutrients identified to differ between groups on markers of intestinal barrier function
and health status. Anthropometric data, dietary intake, metabolic parameters, and markers of
inflammation, as well as of intestinal permeability, were assessed in overweight children (n = 89, aged
5–9) and normal-weight healthy controls (n = 36, aged 5–9). Sixteen children suffered from early signs
of NAFLD, e.g., steatosis grade 1 as determined by ultrasound. Twelve children showing early signs
of NAFLD were enrolled in the intervention study (n = 6 intervention, n = 6 control). Body mass index
(BMI), BMI standard deviation score (BMI-SDS), and waist circumference were significantly higher
in NAFLD children than in overweight children without NAFLD. Levels of bacterial endotoxin,
lipopolysaccharide-binding protein (LBP), and proinflammatory markers like interleukin 6 (IL-6) and
tumor necrosis factor α (TNFα) were also significantly higher in overweight children with NAFLD
compared to those without. Total energy and carbohydrate intake were higher in NAFLD children
than in those without. The higher carbohydrate intake mainly resulted from a higher total fructose
and glucose intake derived from a significantly higher consumption of sugar-sweetened beverages.
When counseling children with NAFLD regarding fructose intake (four times, 30–60 min within 1
year; one one-on-one counseling and three group counselings), neither alanine aminotransferase
(ALT) nor aspartate aminotransferase (AST) activity in serum changed; however, diastolic blood
pressure (p < 0.05) and bacterial endotoxin levels (p = 0.06) decreased markedly in the intervention
group after one year. Similar changes were not found in uncounseled children. Our results suggest
that a sugar-rich diet might contribute to the development of early stages of NAFLD in overweight
children, and that moderate dietary counseling might improve the metabolic status of overweight
children with NAFLD.

Keywords: children; overweight; NAFLD; fructose; dietary pattern; dietary intervention

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) comprises a wide spectrum of diseases ranging from
simple steatosis afflicted with fat accumulation to steatohepatitis, fibrosis, and even cirrhosis or
hepatocellular carcinoma [1]. Results of epidemiological studies suggest that NAFLD is, by now,
the most prevalent liver disease in the world [2]. Contrary to many other liver diseases, NAFLD is not
a disease only found in adults, but, with a still increasing prevalence, is estimated to also affect 8% of
normal-weight and up to 34% of overweight children and adolescents [3–5]. Despite intense research
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efforts, mechanisms underlying the onset and progression of the disease are still not fully understood,
and therapies other than lifestyle interventions are not yet available. However, lifestyle interventions,
be it general caloric restriction diets, or low-fat or low-carbohydrate diets with or without increased
physical activity, are frequently afflicted with low compliance and high drop-out, as well as relapse
rates, in both children and adults [6–8].

Similar to the results in epidemiological and clinical studies [9–12], results of animal studies
analyzing the role of diet in the development of NAFLD, as well as mechanisms involved, suggest that
both general overnutrition and a diet rich in certain macronutrients like saturated fat and/or sugars
like fructose are critical in the onset of NAFLD [13–16]. For example, it was shown that not only obese
(ob/ob) mice, but also mice fed a diet rich in saturated fats and/or fructose develop liver steatosis
and early signs of hepatic inflammation within several weeks [17–19]. Furthermore, it was repeatedly
shown in these dietary models that the development of NAFLD was associated with alterations of
intestinal barrier function and elevated bacterial endotoxin levels. In line with these findings, results
of our own group and others suggest that, in adults and children with NAFLD, the development
of the disease is not only associated with general overnutriton, but also, frequently, an elevated
intake of fructose and fat, as well as alterations of markers of intestinal barrier function [10,12,20–22].
However, whether or not general overnutriton or the intake of a specific dietary pattern is critical in
the development of NAFLD and associated intestinal barrier dysfunction is yet to be fully clarified.

Starting from this background, the aim of the present study was to determine if the dietary pattern
and lifestyle of overweight children without NAFLD differs from overweight children showing early
signs of NAFLD. Accordingly, overweight children randomly recruited in primary schools, sports
clubs, and kindergartens were stratified by results of liver ultrasounds in overweight children with
and without NAFLD. For comparison, a group of normal-weight healthy children were enrolled in
the study. Furthermore, to determine if moderate dietary counseling, focusing only on parameters
identified to be critical in the dietary pattern of overweight children with NAFLD, is an approach to
improve the health status of overweight children with NAFLD, some of the overweight children with
NAFLD were enrolled in a feasibility study.

2. Materials and Methods

2.1. Subjects

All children were recruited from the so-called “Hohenheim Fructose Intervention (HoFI) study”
registered at http://clinicaltrials.gov (NCT01306396). The ethics committee of the Landesärztekammer
Baden-Württemberg (Stuttgart, Germany) approved the present study, which was then performed in
accordance with the ethical standards laid down in the Declaration of Helsinki (2008). Participants
were recruited between April 2009 and December 2010 primarily through elementary schools in
Stuttgart and the greater area of Stuttgart, Southern Germany. All subjects and their guardians gave
written informed consent to participate in the study. A total of 92 overweight children aged 5–9 years
without any known signs of NAFLD or other metabolic diseases before being enrolled in the study
were included, while 3 children had to be excluded from the baseline analysis due to underreporting
(overweight children without NAFLD: n = 2; overweight children with NAFLD: n = 1). Of the 17
overweight children identified to suffer from early stages of NAFLD, all agreed to participate in the
feasibility study detailed below. Eight of the overweight children with NAFLD were selected to be
in the intervention group and nine agreed to serve as controls. Despite selecting the groups, four of
the 17 children enrolled in the intervention study dropped out of the study for personal reasons
(three controls and one intervention child), and one child had to be excluded from the final analysis of
the feasibility study as it was identified as a case of underreporting (intervention group). In addition,
data from 36 healthy normal-weight children aged 5–9 reported in previously published studies [21,23]
were included in the study for comparison. None of the children included had a known history
of (i) steatohepatitis, (ii) renal insufficiency, (iii) diabetes type 1 and 2, (iv) chronic diseases of the
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gastrointestinal tract, or (v) taking lipid-lowering drugs or drugs affecting lipid metabolism. All
children enrolled in the study were prepubertal as defined by Marshall and Tanner [24,25]. Pubertal
status was assessed as described by Maier et al. [26]. None of the children enrolled in the feasibility
study changed pubertal status throughout the study.

2.2. Laboratory Measurements, Blood Pressure, and Abdominal Ultrasound

From all participants, the following parameters were assessed in a routine laboratory (Sindelfingen,
Germany) as described previously [27]: alanine aminotransferase (ALT), aspartate aminotransferase
(AST), fasting blood glucose, blood lipids, and uric acid in serum, as previously described in
a fasting venous blood sample. In addition, concentrations of active plasminogen activator inhibitor 1
(PAI-1; LOXO, Dossenheim, Germany), lipopolysaccharide-binding protein (LBP; Abnova, Taipei City,
Taiwan), leptin and insulin (both Hölzel GmbH, Wildberg, Germany), tumor necrosis factor α (TNFα;
IBL international GmbH, Hamburg, Germany), adiponectin (TECOmedical AG, Sissach, Switzerland),
c-reactive protein (CRP; DRG Instruments GmbH, Marburg, Germany), and interleukin 6 (IL-6; R&D
Systems, Abingdon, UK) were determined in plasma using commercially available ELISA kits. Systolic
and diastolic blood pressure, as well as liver status using ultrasound, were measured and defined as
detailed previously [27].

2.3. Bacterial Endotoxin

Plasma endotoxin levels were determined by an endpoint enzymatic assay based on limulus
amebocyte lysate, as detailed previously [12].

2.4. Glucose Metabolism

Glucose tolerance was determined as detailed previously [26]. The homeostasis model assessment
for insulin resistance (HOMA-IR) index (HOMA-IR = (fasting insulin (μIU/mL) × fasting glucose
(mmol/L))/22.5) was used to determine insulin resistance.

2.5. Assessment of Dietary Intake and Leisure Time Activities

Dietary intake using two separated 24-h recalls, including one weekend day, as well as sportive
and sitting leisure time activities, was assessed as previously described [28]. For analyzing nutritional
intake, the EBISpro software was used. This software contains the German Nutrient Database (in
German: Bundeslebensmittelschlüssel, see also https://www.blsdb.de) which includes data of about
10,000 foods and covers average nutritional values, including free fructose (137 constituent data per
food item). Dietary underreporting was determined by calculating the ratio of reported total energy
intake and predicted individual basal metabolic rate, as described previously by others [29]. Only
recalls with ratios above the age- and sex-specific cut-off values being 1.04 for boys and 1.01 for girls
were included in the nutritional analysis [30]. Based on this calculation, three underreporters were
identified (overweight children without NAFLD: n = 2, overweight children with NAFLD: n = 1) and
excluded from the final analysis and the analysis of the feasibility study, respectively.

2.6. Anthropometric Measurements and Socio-Demographic Data

Anthropometric parameters were assessed by a nutritionist as detailed by Maier et al. [26].
Furthermore, socio-demographic characteristics such as age, gender, and ethnicity were recorded.

2.7. Dietary Intervention Study

In children enrolled in the feasibility study, all measurements assessing health status and
anthropometry were repeated after one year. As the feasibility study required a high compliance of
participants in the intervention group, e.g., attending regular meetings (one one-on-one meeting and
three group meetings), and altering dietary patterns and intake throughout the year of study, study
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participants and their guardians were allowed to choose study arms to avoid further drop-out (for
study design, see also Figure 1). Based on daily fructose intake as determined in two independently
performed 24-h recalls before the study, children enrolled in the intervention group were advised to
reduce their daily fructose intake by ~50% in a personal nutritional counseling taking place at the
beginning of the study in the presence of their respective guardians. Counseling was then repeated
every three months in small groups (see Figure 1). Children, as well as guardians, were counseled
independently. Training of both children and guardians focused primarily on a change in dietary
pattern and included strategies to identify fructose-rich foods, e.g., foods containing marked amounts
of sucrose or fructose, such as lemonades, chocolates, cookies, cakes, and candies, as well as foods
containing large amounts of free fructose, such as juices, certain fruits, and vegetables, and to replace
these foods with foods containing less fructose of the same food category (e.g., exchanging cookies
with rusk, replacing sucrose with glucose when making cakes or cookies, or to consume diet lemonades
instead of sugar lemonades (for details, see Reference [27])). In brief, before the study, several games,
quizzes, and experiments suitable for training children were developed and their feasibility was
assessed in a pilot study [27]. For example, to illustrate the effect of sugar-sweetened beverages
on dental health, a tooth was put into a glass containing a sugar-sweetened beverage for two days.
Furthermore, children were asked to guess the number of sugar cubes contained in different foods
(e.g., ketchup, chocolate bars, and sugar-sweetened beverages) by selecting glasses filled with different
numbers of sugar cubes to enhance the awareness of sugar content in commercially available products.
Additionally, a small supermarket with food dummies was built to practice children’s behavior in
the supermarket. Children were then asked to pick their favorite foods, and, together with a trained
nutritionist, foods with high amounts of sugars were identified and alternative foods with lower sugar
content were selected. Upon request, participants and their respective guardians enrolled in the control
group received one dietary counseling based on general recommendations for a healthy nutrition as
recommended by the German Nutrition Society.

Figure 1. Study design of the feasibility study assessing the effect of a moderate dietary intervention
focusing only on the reduction of fructose intake (−50%) on the health status of overweight children
with non-alcoholic fatty liver disease (NAFLD).
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2.8. Statistical Analyses

Data were analyzed using the t-test and Mann–Whitney U test for comparing overweight children
with and without NAFLD and to compare baseline and end values of children enrolled in the pilot
feasibility study. Healthy, normal-weight children were not included in the statistical analysis, but
are shown for comparison. The Wilcoxon test was used to compare baseline and end values within
the two groups enrolled in the feasibility study. Fisher’s exact test was used for comparing gender
and ethnicity (GraphPad Prism, version 7.03, 2017, GraphPad Software Inc., San Diego, CA, USA).
Identified outliers using Grubbs’ test were excluded from baseline analyses. As mentioned above,
children identified as underreporters were removed from the final analyses and the analysis of the
feasibility study. A p-value ≤0.05 was defined as the level of significance.

3. Results

3.1. Characteristics of the Study Participants

As shown in Table 1, neither age nor distribution of gender or ethnicity differed between
overweight children with and without early signs of NAFLD. Body weight was significantly higher
in overweight children with NAFLD than in those without, while height was similar. Accordingly,
body mass index (BMI), BMI standard deviation score (BMI-SDS), and waist circumference were also
significantly higher in overweight children with NAFLD (see Table 1 and Figure 2). Neither leptin nor
adiponectin, nor ratio of leptin and adiponectin differed between overweight groups. Still, as expected,
all of these parameters differed markedly from those of normal-weight children who were included in
the study for comparison only (see Table 1).

Table 1. Characteristics of normal-weight healthy children and overweight children with and without
non-alcoholic fatty liver disease (NAFLD).

NW OW NAFLD

n 36 73 16
Sex (male/female) 20/16 33/40 6/10

Ethnicity (Caucasian/Asian) 27/9 54/19 8/8
Age (years) 7.3 ± 0.2 7.6 ± 0.1 7.8 ± 0.3
Weight (kg) 27 ± 1 36 ± 1 40 ± 2 *
Height (cm) 1.26 ± 0.01 1.29 ± 0.01 1.33 ± 0.02

BMI (kg/m2) 16.7 ± 0.2 21.2 ± 0.2 22.4 ± 0.5 *
BMI-SD score 0.43 ± 0.09 1.90 ± 0.05 2.13 ± 0.11 *

Waist circumference (cm) 59 ± 1 72 ± 1 77 ± 2 *
Leptin (ng/mL) 2.3 ± 0.3 12.2 ± 1.0 9.2 ± 1.4

Adiponectin (μg/mL) 11.4 ± 0.9 10.4 ± 0.5 11.9 ± 2.2
Leptin/Adiponectin 0.3 ± 0.03 1.46 ± 0.17 1.21 ± 0.26

ALT (U/L) 19 ± 1 23 ± 1 24 ± 2
AST (U/L) 33 ± 1 31 ± 1 35 ± 2 *

Systolic blood pressure (mmHg) 103 ± 1 108 ± 1 111 ± 3
Diastolic blood pressure (mmHg) 62 ± 1 67 ± 1 70 ± 2

Triglycerides (mg/dL) 57 ± 3 81 ± 4 75 ± 6
HDL cholesterol (mg/dL) 57 ± 1 52 ± 1 48 ± 3
LDL cholesterol (mg/dL) 100 ± 3 117 ± 2 105 ± 6 *
Total cholesterol (mg/dL) 170 ± 4 185 ± 3 169 ± 6 *

Uric Acid (mg/dL) 3.6 ± 0.1 4.3 ± 0.1 4.1 ± 0.2
Insulin (μIU/mL) 9 ± 0.4 12 ± 0.6 16 ± 2.3

Fasting glucose (mg/dL) 85 ± 1 87 ± 1 85 ± 2
HOMA-IR 1.9 ± 0.1 2.5 ± 0.1 2.9 ± 0.4

Physical activity (h/week) 15 ± 1 14 ± 1 15 ± 2
Sedentary activity (h/week) 16 ± 2 22 ± 1 25 ± 4

Data are shown as absolute numbers or means ± SEM, * p < 0.05 compared to overweight children, NW children
were not included in the statistical analysis but are shown for comparison. BMI: body mass index; BMI-SD score:
BMI standard deviation score; ALT: alanine aminotransferase, AST: aspartate aminotransferase; HDL: high-density
lipoprotein; LDL: low-density lipoprotein; HOMA-IR: homeostatic model assessment for insulin resistance;
NW: normal-weight healthy children; OW: overweight children without NAFLD; NAFLD: overweight children
with NAFLD. Underreporters were excluded from the analysis.

107



Nutrients 2018, 10, 1329

Figure 2. (a) Body mass index (BMI), (b) BMI standard deviation score (BMI-SDS), (c) energy, (d) total
fructose intake (free fructose and fructose derived from sucrose), and (e) physical and (f) sedentary
activities of normal-weight (NW) children, overweight children without NAFLD (OW), and overweight
children with NAFLD (NAFLD). Data are means ± standard error of the mean (SEM), * p < 0.05
overweight children in comparison to overweight children with NAFLD; NW children were not
included in the statistical analysis, but are shown for comparison. Underreporters were excluded from
the analysis.

Despite showing early signs of NAFLD, e.g., fatty liver grade 1, ALT activity in serum was
similar between overweight children with and without NAFLD, while AST activity in serum was
significantly higher by ~4 U/L (p < 0.05). Systolic and diastolic blood pressures were similar between
groups of overweight children. Twelve of the overweight children without NAFLD and seven of
the overweight children with NAFLD were diagnosed as suffering from hypertension. Triglyceride,
high-density lipoprotein (HDL), and uric acid concentrations in serum were also similar between
the two overweight groups with 21 overweight children and four overweight children with NAFLD
suffering from dyslipidemia. However, low-density lipoprotein (LDL) and total cholesterol were
significantly higher in overweight children without NAFLD than in overweight children with NAFLD.
Fasting insulin, glucose, and HOMA-IR were also similar between overweight groups. Furthermore,
three overweight children and one overweight child with NAFLD suffered from an impaired glucose
tolerance according to the reference levels of the German diabetes association [31]. As expected and
similar to anthropometric parameters, metabolic parameters were markedly higher, or, in the case of
HDL, lower in overweight children with and without NAFLD than in normal-weight children shown
for comparison (see Table 1).
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3.2. Nutritional Intake, Dietary Pattern, and Leisure Time Activities

In line with the findings for body weight, BMI, and BMI-SDS, total caloric intake of overweight
children with NAFLD was significantly higher than that of overweight children without NAFLD
(~250 kcal/day). Total fat, protein, and fiber intakes were similar between overweight groups
(see Table 2 and Figure 2). Total intake of carbohydrates was by trend higher in overweight children
with NAFLD than in those without (~120 kcal/day, p = 0.06). As results of others and our own group
suggest that intake of carbohydrates and, herein, especially mono- and disaccharides may be critical in
the development of NAFLD [10,32,33], the composition of the carbohydrates was further analyzed.
While the intake of complex carbohydrates was similar between overweight groups, intakes of total
fructose and total glucose (free fructose and glucose, respectively, as well as fructose and glucose
derived from sucrose) were significantly higher in overweight children with NAFLD than in those
without (see Table 2 and Figure 2).

Table 2. Nutritional intake of normal-weight healthy children and overweight children with and
without NAFLD.

NW OW NAFLD

n 36 73 16
Total energy intake (kcal/day) 1900 ± 70 1853 ± 47 2101 ± 105 *

Total fat intake (g/day) 78 ± 4 77 ± 3 86 ± 6
Total protein intake (g/day) 59 ± 3 63 ± 2 68 ± 4
Total CHO intake (g/day) 242 ± 10 227 ± 7 257 ± 16

Fructose (g/day) a 55 ± 3 47 ± 2 61 ± 6 *
Glucose (g/day) b 49 ± 2 42 ± 2 53 ± 6 *

Fiber intake (g/day) 15 ± 1 14 ± 1 18 ± 2

Data are shown as means ± standard error of the mean (SEM); * p < 0.05 compared to overweight children;
NW children were not included in the statistical analysis, but are shown for comparison. CHO: carbohydrate;
NW: normal-weight healthy children; OW: overweight children without NAFLD; NAFLD: overweight children
with NAFLD, a free fructose and fructose derived from sucrose; b free glucose and glucose derived from sucrose.
Underreporters were excluded from the analysis.

To further determine dietary sources of higher carbohydrate, and especially, monosaccharide
intake, we analyzed the dietary pattern of study participants (see Table 3). With the exception of cereals
being consumed by ~47% of overweight children without NAFLD and only ~13% of overweight
children with NAFLD (p < 0.05), the intake of food groups was similar between overweight groups
(data not shown). However, when further analyzing the amount consumed of the different food
groups of those children reporting consumption of these foods, overweight children with NAFLD
were found to consume significantly more sweetened beverages including soft drinks and fruit juices
than overweight children without NAFLD. Intake of all other food groups was similar between groups
(see Table 3).

Times spent with physical and sedentary activities were similar between overweight groups.
Interestingly, the intake of total calories and macronutrients, as well as time spent with physical
activities, of normal-weight children was rather similar to that of overweight children with NAFLD,
while time spent with sedentary activities was markedly shorter in normal-weight children than in
overweight ones (see Table 1 and Figure 2). Again, underreporters were excluded from the analysis.
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Table 3. Dietary pattern of normal-weight children and overweight children with and without NAFLD.

NW OW NAFLD

Beverages (kcal/day) 161 ± 18 132 ± 10 208 ± 35 *
Fruits/dried fruits (kcal/day) 86 ± 12 80 ± 7 130 ± 30

Vegetables/legumes (kcal/day) 27 ± 5 30 ± 4 24 ± 5
Potatoes/pasta/rice (kcal/day) 210 ± 33 170 ± 14 201 ± 36

Bread (kcal/day) 259 ± 22 257 ± 18 262 ± 48
Spreads (kcal/day) 141 ± 23 103 ± 10 84 ± 18

Bakery goods (kcal/day) 206 ± 28 217 ± 27 167 ± 33
Cereals (kcal/day) 127 ± 35 113 ± 12 146 ± 5

Meat (kcal/day) 216 ± 24 205 ± 18 249 ± 46
Milk and dairy (kcal/day) 161 ± 16 144 ± 11 168 ± 37

Cheese and quark (kcal/day) 92 ± 15 104 ± 11 77 ± 12
Oils, margarines, and butter (kcal/day) 94 ± 12 103 ± 9 136 ± 15

Sweets and sugar (kcal/day) 154 ± 26 178 ± 15 145 ± 17
Desserts (kcal/day) 157 ± 38 111 ± 21 173 ± 80

Convenience food (kcal/day) 231 ± 28 324 ± 37 317 ± 63

Data are shown as means ± SEM; * p < 0.05 compared to overweight children without NAFLD; NW children were
not included in the statistical analysis, but are shown for comparison. NW: normal-weight healthy children; OW:
overweight children without NAFLD; NAFLD: overweight children with NAFLD.

3.3. Markers of Inflammation and Intestinal Permeability

Protein concentrations of TNFα and IL-6 were significantly higher in plasma of overweight
children with NAFLD than in those without, while concentrations of CRP and active PAI-1 in plasma
were similar between overweight groups (see Figure 3). Bacterial endotoxin levels in peripheral plasma
and protein levels of LBP were both significantly higher in overweight children with NAFLD than in
those without (see Figure 3).

Figure 3. Cont.
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|
Figure 3. (a) Plasma active plasminogen activator inhibitor 1 (PAI-1), (b) interleukin 6 (IL-6), (c) serum
c-reactive protein (CRP), (d) tumor necrosis factor α (TNFα), (e) endotoxin, (f) lipopolysaccharide-
binding protein (LBP) plasma concentrations of normal-weight (NW) children, overweight children
without NAFLD (OW), and overweight children with NAFLD (NAFLD). Data are means ± SEM;
* p < 0.05 overweight children in comparison to overweight children with NAFLD; NW children were
not included in the statistical analysis, but are shown for comparison. Underreporters were excluded
from the analysis.

3.4. Feasibility Study: Characteristics of Study Participants, Nutritional Intake, and Metabolic Parameters

Four children dropped out of the feasibility study due to personal reasons, and one child was
excluded as an underreporter. Therefore, only six children in the control group and six children in
the intervention group were included in the final analysis. Despite being allowed to select study
arms to enhance compliance and to avoid the loss of children, at baseline, none of the parameters
assessed differed between the overweight children with NAFLD selecting the intervention arm and
those who chose to participate in the feasibility study as controls, with the exception of TNFα levels in
plasma (see Figure 4). TNFα levels in plasma were significantly higher in children in the intervention
group than in controls. Additionally, total intakes of energy, macronutrients, and sugars (total fructose
and total glucose) per day were similar between groups (see Supplementary Materials, Table S1) at
baseline. Data of normal-weight children in Table 4 and Figure 4 are shown for comparison, but were
not included in the statistical analysis. While both groups had lower BMI-SDS at the end of the study
compared to the beginning of the study (control: p < 0.05; intervention: p = 0.16), waist circumference
was significantly higher in the intervention group at the end of the study (see Table 4). A similar
increase in waist circumference was not found in the controls. Nonetheless, waist circumference did
not differ between groups at the end of the study. In line with the findings for waist circumference,
neither adiponectin nor leptin plasma concentrations nor leptin/adiponectin ratio differed at baseline.
While leptin levels remained unchanged, adiponectin concentrations in the plasma of children in the
intervention group were by trend lower (p = 0.06) at the end of the study when compared to baseline,
whereas leptin/adiponectin ratio was significantly higher in these children.
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Table 4. Anthropometric and metabolic parameters of overweight children with NAFLD before and
after dietary intervention.

Healthy Children NAFLD Children

NW (n = 36)
Control (n = 6) Intervention (n = 7)

Baseline After 1 Year Baseline After 1 Year

Sex (male/female) 20/16 3/3 4/2
Ethnicity (Caucasian/Asian) 27/9 2/4 5/1

Age (years) 7.3 ± 0.2 8.0 ± 0.3 9.0 ± 0.5 * 7.5 ± 0.4 8.7 ± 0.4 *
BMI-SD score 0.43 ± 0.09 1.9 ± 0.1 1.6 ± 0.2 * 2.2 ± 0.2 2.0 ± 0.3

Waist circumference (cm) 59 ± 1 77 ± 4 77 ± 4 76 ± 3 83 ± 3 *
Leptin (ng/mL) 2.3 ± 0.3 9.5 ± 3.0 16.6 ± 4.8 8.8 ± 2.5 17.5 ± 5.7

Adiponectin (μg/mL) 11.4 ± 0.9 7.6 ± 1.4 6.9 ± 0.7 18.5 ± 4.3 8.3 ± 1.9
Leptin/adiponectin 0.3 ± 0.03 1.6 ± 0.6 2.5 ± 0.8 0.7 ± 0.3 2.0 ± 0.3 *

LBP (μg/mL) 23.6 ± 1.3 28.3 ± 4.0 30.2 ± 3.2 28.8 ± 4.5 25.6 ± 2.6
Active PAI-1 (U/L) 6.8 ± 0.8 18.2 ± 5.6 18.2 ± 8.6 17.0 ± 4.0 9.6 ± 1.4

ALT (U/L) 19 ± 1 26 ± 4 26 ± 3 20 ± 1 23 ± 3
AST (U/L) 33 ± 1 38 ± 5 30 ± 2 32 ± 3 33 ± 3

Systolic blood pressure (mmHg) 103 ± 1 111 ± 5 113 ± 5 107 ± 4 105 ± 5
Diastolic blood pressure (mmHg) 62 ± 1 69 ± 3 70 ± 6 69 ± 4 65 ± 4 *

Triglycerides (mg/dL) 57 ± 3 80 ± 7 85 ± 13 74 ± 15 89 ± 27
HDL cholesterol (mg/dL) 57 ± 1 48 ± 3 52 ± 4 56 ± 4 57 ± 5
LDL cholesterol (mg/dL) 100 ± 3 109 ± 8 115 ± 10 102 ± 13 116 ± 11 *
Total cholesterol (mg/dL) 160 ± 4 176 ± 7 174 ± 12 170 ± 12 187 ± 10 *

Insulin (μIU/mL) 9 ± 0.4 13 ± 1 15 ± 3 13 ± 4 16 ± 4
Fasting glucose (mg/dL) 85 ± 1 78 ± 4 86 ± 3 85 ± 2 86 ± 3

HOMA-IR 1.9 ± 0.1 2.5 ± 0.3 3.3 ± 0.8 2.8 ± 0.9 3.4 ± 0.9
Physical activity (h/week) 15 ± 1 17 ± 4 17 ± 5 14 ± 2 14 ± 2

Sedentary activity (h/week) 16 ± 2 23 ± 7 25 ± 4 24 ± 4 18 ± 4

Data are shown as absolute numbers or means ± SEM; * p < 0.05 compared to the respective baseline value.
BMI-SD score: BMI standard deviation score; LBP: lipopolysaccharide binding protein; PAI-1: plasminogen activator
inhibitor-1; ALT: alanine aminotransferase; AST: aspartate aminotransferase; HDL: high-density lipoprotein; LDL:
low-density lipoprotein; HOMA-IR: homeostatic model assessment for insulin resistance. NW children were not
included in the statistical analysis, but are shown for comparison. Underreporters were excluded from the analysis.

Figure 4. (a) Plasma endotoxin, (b) serum IL-6, and (c) plasma TNFα concentrations of children with
NAFLD enrolled in the control (Control) and intervention (Intervention) group at baseline (baseline)
and at the end of the study (EoS). Data are means ± SEM; # p < 0.05 values at baseline between both
groups; NW children were not included in the statistical analysis, but are shown for comparison.
Underreporters were excluded from the analysis.

ALT and AST activities, as well as concentrations of triglycerides and HDL in serum, were not
altered throughout the intervention study and did not differ between NAFLD groups. Fasting insulin
and glucose concentrations, as well as HOMA-IR, were also similar between groups at the beginning of
the study and were not changed throughout the study (see Table 4). However, LDL and total cholesterol
levels increased significantly throughout the study in the sera of children in the intervention group.
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LDL concentrations in serum also increased in the control group; however, as data varied considerably
within these groups, differences did not reach statistical significance. The systolic blood pressure of
children was similar between groups at the beginning of the study and was also not changed. In
contrast, diastolic blood pressure being similar between groups at baseline was significantly lower in
children in the intervention group at the end of the study, whereas a similar decrease was not found in
control NAFLD children (see Table 4).

3.5. Feasibility Study: Inflammatory Markers and Indices of Intestinal Permeability

Concentrations of active PAI-1 and IL-6 were similar between groups at the beginning of the
study and were not altered. While changes in concentration of these inflammatory markers were
not significant within groups or between groups, at the end of the feasibility study, concentrations of
most parameters were at the level of normal-weight children (see Table 4 and Figure 4). In contrast,
plasma TNFα levels, being significantly higher in the intervention group at baseline compared to
controls, decreased markedly (p = 0.06) throughout the study almost to the level of normal-weight
control children (see Figure 4). Bacterial endotoxin and LBP concentrations in plasma were also similar
between groups at the beginning of the study. LBP concentration in plasma was unchanged in both
groups at the end of the study (see Table 4), whereas the concentration of bacterial endotoxin in the
peripheral blood of children in the intervention group was lower by trend at the end of the study
(p = 0.06; see Figure 4).

4. Discussion

With a still increasing prevalence, NAFLD is, by now, thought to be the most prevalent liver
disease worldwide [2]. Overweight and insulin resistance are among the key risk factors for the
development of NAFLD [34,35]; however, despite intense research efforts, the question as to why
some overweight individuals develop NAFLD and others do not is yet to be fully answered. In the
present study, employing a cohort of randomly selected overweight children with no known signs
of liver disease or other metabolic diseases before the study, it was shown that children with early
signs of NAFLD, e.g., fatty liver grade 1 as assessed by ultrasound, had a higher BMI, BMI-SDS,
and waist circumference than overweight children without NAFLD. Also, while still being within
the normal range, AST activity was higher in the sera of overweight children with NAFLD, whereas
neither ALT activity nor markers of glucose metabolism nor other metabolic markers, such as blood
pressure and triglycerides, differed between groups. Somewhat contrasting the findings for waist
circumference, the ratio of adiponectin to leptin, suggested to be indicative of visceral fat volume
and NAFLD in obese adolescents [36], was similar between overweight groups. However, results
of a recently published study by Dhaliwal et al. [37] using computed tomography to assess hepatic
steatosis and the abdominal fat area suggest that, while abdominal subcutaneous adipose tissue per
se is greater in children with hepatic steatosis than in those without, increases in visceral adipose
tissue area seem to be related to the presence of steatosis in older children (≥9.8 years). Therefore,
the apparent lack of relation of waist circumference and the ratio of adiponectin to leptin might be
related to the rather young age of study participants (<9 years) and to differences in subcutaneous
adipose tissue mass rather than visceral adipose tissue. Furthermore, results of others also suggested
that overweight children with hepatic steatosis have a higher BMI and waist circumference when
compared to overweight children without signs of NAFLD [5,38,39]. Previous studies of others also
reported that transaminase activities in the sera of overweight children were also similar to those
of overweight children serving as controls [38]; however, in contrast to the findings of the present
study, in studies of others, a strong association of the presence of NAFLD in overweight children with
increased markers of insulin resistance, dyslipidemia, and the presence of metabolic abnormalities
was found [5,38,39]. Indeed, in the present study, total cholesterol in serum was even found to be
higher in overweight children without NAFLD than in those with NAFLD. Differences between the
results of these studies (>9 years old) and the present study (<9 years old) might have resulted from
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differences in the age of study participants, as well as in the severity of steatosis (in the present study,
only grade I vs. minimal-to-severe fatty liver or even beginning non-alcoholic steatohepatitis (NASH)
in other studies) and obesity of participants enrolled [5,38]. The study setting (here, children recruited
in schools vs. hospitals in most other studies) and markers used to assess insulin resistance (in the
present study, fasting glucose and insulin vs. oral glucose tolerance tests) were also markedly different
between these studies and the present study [5,38,39]. Reasons for the significantly higher levels of
total cholesterol and LDL cholesterol in the sera of overweight children without NAFLD have to be
delineated in future studies.

Also, while overweight children with NAFLD only showed very early signs of the disease,
IL-6 and TNFα levels in plasma were both higher in children with NAFLD than in overweight
controls, whereas CRP and active PAI-1 levels in plasma—both markedly higher than in normal-weight
controls—did not differ between overweight groups. In line with these findings, others showed that
concentrations of IL-6 and TNFα in serum are closely related to the prevalence of NALFD [40]. Results
of others also suggest that, in overweight children, CRP and active PAI-1 levels may be elevated
independently of the presence of NAFLD [41,42]. Indeed, while active PAI-1 levels were shown to
be related to severe stages of the disease, e.g., manifest steatosis or NASH [43], this acute-phase
protein was also shown to be related to HOMA-IR by others [44], and it was similarly higher in both
overweight groups in the present study when compared to controls. Taken together, results of the
present study suggest that, in overweight children, very early stages of NAFLD are associated with
higher body weight, greater waist circumference, and elevated proinflammatory cytokine levels while,
markers of insulin resistance are not different. However, the results of the present study by no means
preclude that an impaired glucose tolerance or insulin resistance contributes to the onset of NAFLD.
Indeed, in adults and mouse models, it was shown that both fasting insulin and glucose levels can
still be within the normal range in peripheral blood, while, in liver tissue, the expressions of insulin
receptor and insulin receptor substrate were markedly lower [45,46]. Therefore, it could be that, in
the present study, overweight children with NAFLD may have suffered from impairments of insulin
signaling and glucose metabolism in liver tissue, while fasting glucose and insulin concentrations in
peripheral blood were still within the normal range. This needs to be addressed in future studies.

4.1. Absolute Energy Intake, Nutritional Intake, and Dietary Pattern of Overweight Children with and without
NAFLD Differ

Results of animal studies suggest that not only general overnutrition, but also the composition
of the diet, e.g., the proportion of saturated fatty acids and sugars, and herein, especially of fructose,
may be critical in the development of NAFLD [19,47]. In a cohort of children with NAFLD, Mosca
et al. [33] recently showed that dietary fructose intake is independently associated with NASH.
Furthermore, it was shown that children with NAFLD absorb and metabolize fructose more effectively
than normal-weight children [48]. In the present study, overweight children with early signs of NAFLD
had a significantly higher mean daily total energy intake when compared to overweight children
without NAFLD (~250 kcal/day) which mainly seemed to result from a higher daily total fructose (free
fructose and fructose derived from sucrose) and total glucose (free glucose and glucose derived from
sucrose) intake originating from a markedly higher soft-drink and juice intake. Results of the present
study are in line with the findings of others, showing that both children and adults with NAFLD have
a higher mean fructose intake mainly resulting from a higher consumption of soft drinks and fruit
juices [10,49–51]; however, in most of these studies, normal-weight healthy individuals were compared
with overweight patients with NAFLD [10,12]. Indeed, the number of human studies comparing the
nutritional intake and dietary pattern of overweight individuals, and even more so, weight-matched
individuals with and without NAFLD is rather limited. In line with the findings of the present study,
Ouyang et al. and Assy et al. [52,53] showed that adult patients with NAFLD drank more soft drinks
and juices.
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Interestingly, normal-weight children enrolled for comparison almost had similar daily total
energy, monosaccharide, and disaccharide intakes without showing any signs of NAFLD or other
metabolic diseases when compared to overweight children with NAFLD. Yet, normal weight children,
on average, were ~16 h/week (~140 min/day) sedentarily active doing handcrafting, drawing, reading,
and watching TV or playing video games, while overweight children with NAFLD, on average, spent
25 h/week (~215 min/day) with these activities. Indeed, results of Felix et al. [54] suggest that,
in overweight children, the intake of refined carbohydrates and the lack of physical activity were
associated with a higher risk of developing NAFLD, further suggesting that protection against the
development of NAFLD, and probably, overweight in normal-weight children was strongly dependent
upon their physical activity in the present study. In support of this hypothesis, lifestyle changes not
only focusing on changes in dietary habits, but also on increasing aerobic exercise were suggested to
improve aminotransferase activity levels in children and adolescents with NAFLD [50,55].

4.2. Overweight Children with NAFLD Have Higher Bacterial Endotoxin and LBP Levels in Peripheral Blood
Than Overweight Children without NAFLD, Which Were Lowered by Moderate Dietary Counseling

In the present study, both bacterial endotoxin and LBP levels were significantly higher in
overweight children with NAFLD than in those without. These findings are in line with the results
of several human and animal studies, suggesting that alterations of intestinal barrier function,
and subsequently, an increased translocation of bacterial endotoxin are critical in the development of
NAFLD [10,12,17,21,56–58]. While data derived from animal studies suggest that these alterations may
be related to the intake of fructose [14,19,58], results of human studies are somewhat contradictory.
Indeed, in some studies, it was shown that both the intake of dietary fructose and bacterial endotoxin
levels in peripheral blood were elevated in patients with NAFLD; however, frequently, not only fructose
intake, but also total caloric intake of patients was significantly higher than that of controls [49,53].
So far, studies focusing on a reduction of fructose intake suggest that, in adults with steatosis and
steatohepatitis, this kind of counseling is associated with an improvement in liver status, a reduction in
bacterial endotoxin levels, and improved intestinal barrier function [59]. In the present feasibility study,
while only slightly affecting overall weight and metabolic status, the moderate dietary counseling
focusing only on a reduction in dietary fructose intake was associated with a reduction in bacterial
endotoxin and TNFα levels, almost to the level of normal-weight controls, in overweight children
with NAFLD. The apparent reduction in adiponectin levels from baseline to the end of study in
children with NAFLD enrolled in the intervention arm might have resulted from the slightly, but not
significantly, younger age of these children when compared to controls at baseline (7.5 vs. 8.0 years).
Indeed, it was shown before that adiponectin plasma levels decrease between the ages of five and
eight years [60]. Furthermore, studies of Murphy et al. [60] also showed that total cholesterol plasma
levels increase over time in children aged between five and eight years, in line with findings of the
present study. In contrast, despite lowering their BMI-SDS and maintaining their waist circumference,
the bacterial endotoxin levels of overweight controls with NAFLD were unchanged. Taken together,
these data suggest that the total intake of sugar-rich foods and bacterial endotoxin levels both may be
critical in the development of NAFLD in overweight children. However, our results do not preclude
that other factors such as genetic predisposition, intake of other nutrients, and sedentary lifestyle are
also critical in the development of NAFLD. Rather, our data suggest that, at least in some children,
targeting intestinal barrier function through dietary fructose intake may be beneficial in the prevention
and therapy of this liver disease.

4.3. Limitations

Our study is not without limitations which have to be considered when interpreting the results.
Overweight children with and without NAFLD were not weight-matched; however, children were
randomly recruited and enrolled in non-clinical settings, and, at the time of recruitment, had no known
history of metabolic or liver diseases. Therefore, both overweight groups included metabolically
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healthy and unhealthy children. Thus, results might differ in larger and more homogeneous clinical
studies. Nonetheless, as we aimed to study the early onset of the disease, this approach seemed to
be the most feasible. Furthermore, the sample size of the intervention study was rather small, as the
intervention focused only on children with NAFLD and five children were lost due to personal reasons
or underreporting. Furthermore, as the focus of the intervention study was to show feasibility of this
kind of moderate dietary intervention, no power calculation was performed to determine the number
of subjects needed to be included for statistically significant outcomes. Thus, the characteristics of the
feasibility study are rather explorative, and the effect of a moderate dietary intervention on metabolic
and inflammatory markers needs to be assured in a larger randomized population. However, despite
the small sample size, our findings are in line with others showing that dietary counseling might be
beneficial in improving metabolic parameters in children [61]. Furthermore, a selection bias cannot be
ruled out as control and intervention groups were self-selected due to incompliance of many guardians
for randomization. Indeed, due to drop out and underreporting, the number of Asian participants
deciding to undergo nutritional counseling was lower than the number of Asian children in the
control group. However, as we were highly dependent upon the willingness of parents and children
to attend the regular counseling meetings, from our perspective, this was the most feasible way of
avoiding an even higher drop-out rate. Indeed, when enrolling children into the study, guardians
repeatedly pointed out their unwillingness to participate in regular meetings, suggesting that it felt
too straining. Accordingly, it was also not possible to obtain valid data regarding nutritional intake
and dietary pattern at the end of the intervention. Therefore, it is not clear if the beneficial effects on
bacterial endotoxin levels found at the end of the study resulted from a change in fructose intake or
dietary pattern, or other factors. The role and impact of fructose on the beneficial effects found in
the intervention group will have to be addressed in future studies. Reasons for this incompliance to
participate in meetings might have been that our study was not situated in a clinical setting, and that
children were thought to be healthy with the exception of being overweight/ obese before the study.
Another limitation is the reduction of BMI-SDS in both groups of the intervention study. This, in part,
might have resulted from the fact that guardians became aware of the potential health issues of their
children. Indeed, some of the families might have changed additional dietary habits, and prolonged
time spent physically active, while time spent sedentary active was reduced, without bringing this
to our attention. Furthermore, in the region of Germany where our study was situated, “healthy”
nutrition is part of the curriculum in elementary school and sometimes even in kindergarten. Therefore,
it cannot be ruled out that at least some of the children in the intervention study and probably also their
parents, e.g., during parent–teacher conferences and school enrollment, might have received additional
training in regards to avoiding sugar-rich foods and to following a healthy lifestyle. Furthermore, in
the present study, physical and sedentary activities were only acquired by questionnaires rather than
activity monitors. Additionally, no follow-up was carried out to assess sustainability of the intervention
on weight status, metabolic disorders, and associated proinflammatory alterations. However, we
thought that the length of the study would be sufficient to test the principal hypothesis that, in children,
a diet focusing only on a reduction in fructose intake may be a sufficient measure for reducing bacterial
endotoxin levels and concentrations of proinflammatory cytokines. Long-term effects will have to be
determined in larger randomized studies with a longer duration and follow-up.

5. Conclusions

Taken together, results of the present study suggest that body weight, dietary pattern, and
especially, the intake of sweetened beverages may be critical in the development of NAFLD in
overweight children. Our data also suggest that changes in intestinal barrier function are also associated
with the development of NAFLD in children. Results of the present study also suggest that targeting
sugar or fructose intake even with moderate measures may be beneficial for overall health status of
overweight children with NAFLD. Still, the concept of moderate lifestyle interventions only focusing
on a limited number of changes and the long-term effects of interventions like the one used in the

116



Nutrients 2018, 10, 1329

present study need to be assessed in larger randomized studies in the future, as, in the present study,
the sample size was quite small and participants were allowed to self-select their groups. Also, future
studies should maybe aim to include more family members in the intervention, so as to improve
the motivation to participate in and attend regular meetings, as well as to translate information and
advice provided during the counseling and regular meetings to daily life, subsequently leading to
a better compliance and greater health effects. In addition, employing new dietary counseling tools not
requiring physical presence in a study center may also be an option for future studies. Furthermore,
mechanisms underlying the elevated bacterial endotoxin levels found in the present study, as well as
other studies, remain to be determined.
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4 Liver and Internal Medicine Unit, Department of General, Transplant and Liver Surgery of the Medical
University of Warsaw, 02-097 Warsaw, Poland; p.milkiewicz@wp.pl (P.M.); jorasz@gmail.com (J.R.-W.)

5 Translational Medicine Group, Pomeranian Medical University, 71-210 Szczecin, Poland
* Correspondence: ewa.stachowska@pum.edu.pl or ewast@pum.edu.pl

Received: 1 September 2018; Accepted: 10 November 2018; Published: 18 November 2018

Abstract: (1) Introduction: Zonulin (ZO) has been proposed as a marker of intestinal permeability.
Only a few studies have analyzed to date how diet influences the serum concentration of ZO
among patients with non-alcoholic fatty liver disease (NAFLD). We performed a six-month dietetic
intervention to evaluate the association between fiber intake and ZO concentration in 32 individuals
with NAFLD. (2) Methods: Fiber content in the diet was estimated by Food Frequency Questionnaire
(FFQ) and by analyzing 72-h nutritional diaries. ZO concentrations in serum were measured
before and after the intervention by immunoenzymatic assay (ELISA). Fatty liver was quantified
using the Hamaguchi score before and after the dietetic intervention. (3) Results: During the
intervention, the dietary fiber intake increased from 19 g/day to the 29 g/day concomitant with an
increase in the frequency of fiber consumption. All patients experienced significant (all p < 0.05)
improvements in serum aspartate aminotransferase (AST), alanine aminotransferase (ALT) and
gamma-glutamyltransferase (GGTP) activities. We also detected decreased serum triglycerides
(p = 0.036), homeostatic model assessment insulin resistance (HOMA-IR (p = 0.041) and insulin
content (p = 0.34), and improvement of fatty liver status according to the Hamaguchi score (p = 0.009).
ZO concentration in serum decreased by nearly 90% (7.335 ± 13.492 vs. 0.507 ± 0.762 ng/mL,
p = 0.001) and correlated with the amount of dietary fiber intake (p = 0.043) as well as the degree
of fatty liver (p = 0.037). (4) Conclusion: Increasing nutritional fiber results in reduced serum ZO
levels, reduced liver enzymes and improved hepatic steatosis in patients with NAFLD, possibly by
altering intestinal permeability. Increased dietary fiber intake should be recommended in patients
with NAFLD.

Keywords: NAFLD; zonulin; fiber; diet

1. Introduction

The gut epithelium represents a key protective barrier separating internal organs from the adverse
environment of the gut lumen [1]. Its permeability is controlled by several multiprotein adhesive
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complexes including tight junctions (TJ), subjacent adherens junctions (AJ), and desmosomes [1].
The intestinal barrier is a highly dynamic structure shaped by interactions with internal and external
stimuli, such as cytokines, growth factors, and bacteria [1–3]. Diet-derived substances also interact
with the barrier and modulate its permeability. For instance, glutamine [4,5] and tryptophan [6],
peptides derived from cheese and milk [7,8], and polyphenols [9] act as positive regulators of epithelial
permeability, whereas other compounds such as gliadin [10] or medium-chain fatty acids [11,12]
negatively regulate intestinal barrier permeability. Zonulin (ZO) is a 47-kDa protein that regulates
intestinal permeability by modulating intracellular TJ structure and function [13]. The secretion of ZO
into serum is believed to be regulated by several factors, including components of the diet [14,15].

Nonalcoholic fatty liver disease (NAFLD) is now the most common cause of chronic liver
disease. It is currently detected in over 20% of Europeans, and its prevalence is predicted to
increase over the years [16,17]. NAFLD is considered the hepatic manifestation of the metabolic
syndrome, and the steatotic phenotype appears to be worsened by disruptions in the host gut
microbiota [18,19]. An increasing body of evidence demonstrates that NAFLD correlates positively
with the phenomenon of “leaky gut”, the mechanism encompassing TJ damage [20] in both young
patients [13] and adults [21,22]. The disturbances of the gut-liver axis might explain, at least to a
certain extent, the phenotype of fatty liver [23]. For example, gut dysbiosis and skewed production of
inflammatory markers, among others lipopolysachcaride, might modulate the progression of NAFLD.
This is underscored by the association between endotoxemia and severe forms of fatty liver [24].
Moreover, a dysbiotic gut ecosystem might result in increased production of endogenous ethanol,
which could disrupt the integrity of the intestinal barrier and further increase liver injury in the setting
of increased hepatic fat accumulation [25]. Several studies have reported that ZO concentrations
increase significantly with the severity of steatosis [13,20,21] and positively correlate with body
mass index (BMI), liver histopathology, fasting insulin, and HOMA-IR as well as concentrations of
inflammatory markers (e.g., serum IL-6) [21]. To the best of our knowledge, there is only one study that
has described how a reduction diet among NAFLD patients might influence the serum concentration
of ZO [13]. Here we present the impact of a six-month dietetic intervention, comprising an increased
intake of fiber and a decreased intake of fat and simple sugars, on the liver status and ZO serum
concentrations in a cohort of 32 patients with NAFLD.

2. Materials and Methods

2.1. Study Design

In the present study we included subjects selected from the Nutrient-Induced Insulin Output
Ratio (NIOR) study, which was intended to investigate nutritional strategies for the individualized
treatment of NAFLD [22]. In brief, this study was designed as a randomized controlled intervention
trial to compare the influence of three nutrigenetic dietary strategies on fatty liver during a six-month
intervention [26]. The exclusion criteria were: Diabetes mellitus (DMII); chronic and acute liver
diseases other than NAFLD; high levels of physical activity (>3000 kcal/week in leisure-time physical
activity); changes in physical activity during the dietary intervention; use of statins; any condition that
could limit the mobility of the participant; not being able to attend control visits; vegetarianism or a
need for other special diets; excessive consumption of alcohol (more than 20 g in women and more
than 30 g in men, per day); and other drug addiction. Compliance with the diet was evaluated at 3
control points (at 1, 2, and 6 months after commencement of the diet) (Figure 1). All subjects were
instructed to maintain their usual physical activity (metabolic equivalent of the task; MET), which was
controlled by a 2-h physical activity questionnaire. Initially, 171 Caucasian adults were enrolled in the
NIOR study; however, 5 subjects did not meet the inclusion criteria. After the first month of the study
further 29 individuals were excluded from the study: Either they did not comply with the prescribed
diet, engaged in too much physical activity or they failed to complete the dietary intake questionnaire.
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At the second control meeting (i.e., 2 months after the beginning of the diet), 14 participants
were excluded from the study for similar reasons. During the final visit (after 6 months), a further 13
participants were excluded. As a result, a total of 110 participants were adherent to the intervention
protocol and remained in the study (Figure 1). We used an online randomization tool [26] to select
patients for biochemical analyses. Serum samples from 32 participants (22 males and 10 females)
were available for the current analysis. The fiber consumption was analyzed (soluble fiber as well as
insoluble fiber) with the help of the Fineli base (https://fineli.fi/fineli/en/index) and the Diet program
(IZZ Poland). The study protocol was approved by the ethics committee of the Pomeranian Medical
University and conformed to the ethical guidelines of the 1975 Declaration of Helsinki (Szczecin,
Poland, 25 01 2010 KB-0012/09/10). Participants provided written informed consent before the study.

 

Figure 1. Flowchart for the inclusion of individuals in the study.
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2.2. The Nutritional Intervention and Control

The NIOR diet was modified on the basis of the of the American Heart Association (AHA)
guidelines, including 3–5 meals/day, modified by the genetic result of NIOR as described in detail [27].
Menus were prepared as a daily plan for the 7 days of the week and included guidance on the daily
timing of the five meals.

Nutrition patterns were analyzed with a Food Frequency Questionnaire (FFQ) and a 72-h food
diary (including 2 working days and one day free of work) [27]. Fiber content (soluble and insoluble)
was estimated by means of two methods: frequency of consumption by means of the FFQ and by
analyzing the 72 nutritional diaries (from the three control points) via the Diet 5 program (IZZ Poland)
and Fineli (the Finnish database). Dietary content, nutritional sources and the products used are
presented in Table 1. Three portions of vegetables and two portions of fruit were introduced to the
patients’ diet. The recommended sources of insoluble fiber were as follows: Whole wheat bread,
whole-wheat pasta, cereal and brown rice, whole rye bread, and graham bread. Recommended
vegetables were: Tomatoes, savoy cabbages (fresh and pickled), napa cabbages, green beans, paprika,
fresh and pickled cucumbers, onions, chives, red beans, lentils, spinach, carrots, leeks, celery,
broccoli, lettuce, and dill. Recommended fruits were: apples, plums, and apricots (including dried).
Finally, recommended seeds and nuts were: pumpkin seeds and walnuts. The level of physical
activity was assessed using the questionnaire technique with validated International Physical Activity
Questionnaire (IPAQ). Physical exercise was estimated with MET units (min/week). During the
first and final visit, the degree of fatty liver was evaluated by a trained physician according to the
Hamaguchi score [28], using a high-resolution B-mode abdominal ultrasound scanner (Acuson X300).
Hamaguchi score ≥ 2.0 was set as the cut-off for NAFLD [28].

Table 1. The nutritional products used in the diet.

Variable Recommendation Recommended Sources

Energy Calculated Individually

Fiber (g/day) 30–35

3 portions of vegetables a day; 2 portions of
fruit as: fresh, fermented or boiled, wheat

bread, whole-wheat pasta, cereal and brown
rice

Fat as percentage of total calories (%) 20–30 Vegetable fats with a predominance of
rapeseed oil and olive oil.

Carbohydrates (low and medium IG),
percentage of total calories (%) 55–65

Low and medium glycemic index as: wheat
and mix rye/wheat bread, whole-pasta,

cereal and brown rice, fruit and vegetables.

Simple carbohydrate, percentage of
total calories (%) 5–10 Dry fruits

Protein (%) 15

Poultry (chicken and turkey), fish (oily fish 3
times a week), fermented dairy products (2
times a day), eggs (4–5 a week), lean cottage

cheese, cheese with reduced fat content.

Fluid (mL/kg) 35 Water, coffee (1–2 cup a day) tea (black,
green).

Vitamins and minerals Consistent with recommended
daily allowance Natural sources from vegetables and fruit

2.3. Laboratory Analyses

Venous fasted blood samples were collected into tubes containing anticoagulant
Ethylenediaminetetraacetic acid (EDTA). Blood samples were centrifuged at 3500 rpm for
10 min at 4 ◦C within 2 h of collection. Standard blood biochemical analyses were carried out at the
University Hospital Laboratory (Szczecin, Poland). Plasma ZO concentrations were measured by
ELISA (Immundiagnostik AG, Bensheim, Germany) according to manufacturer’s instructions.
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2.4. Statistics

For statistical analyses, R software 3.0.2 was used and all results were expressed as mean and
standard deviation. Since the distribution in most cases deviated from normality (Shapiro-Wilk test),
non-parametric paired tests were used (Wilcoxon signed-rank test) and p < 0.05 was considered as
statistically significant. The correlations between quantitative variables were calculated using the
Spearman’s correlation test.

3. Results

3.1. The Amount of Zonulin in Serum Decreases with the Improvement of Fatty Liver

As shown in Figure 2, the six-month dietetic intervention resulted in a significant improvement
of liver injury markers in the studied group of 32 individuals as reflected by decreases of serum AST
(p = 0.001), ALT (p = 0.001) and GGTP (p = 0.03). As shown in Table 2, it also led to a reduction
of the Hamaguchi score (2.87 ± 0.59 vs. 1.40 ± 0.93; p = 0.009). Furthermore, serum triglyceride
concentrations (p = 0.036), HOMA-IR (p = 0.041) index as well serum insulin (p = 0.34) decreased as
a result of the dietetic intervention. Notably, we also detected a significant (p = 0.001), almost 90%
reduction of serum ZO concentration as shown in Figure 2A. Table 3 demonstrates that serum ZO
correlated with the degree of fatty liver (i.e., with Hamaguchi score (p = 0.037) serum AST (p = 0.041) and
ALT (p = 0.043)), total lipids (p = 0.041), as well as low-density lipoprotein (p = 0.029). Interestingly, we
detected a negative correlation between high-density lipoprotein and serum ZO contents (Table 3) but
no significant link between ZO concentration and BMI or glucose metabolism parameters (all p > 0.05).

Figure 2. Zonulin concentration and liver function tests before and after the dietetic intervention.
(A) Zonulin concentration. (B) Aspartate aminotransferase (AST) activity. (C) Alanine aminotransferase
(ALT) activity. (D) Gamma-glutamyltransferase (GGTP) activity.
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Table 2. Baseline characteristics of the study cohort (n = 32), as well as effects of the dietetic intervention.

Parameters Before Diet After Diet p Value

Age (year) 48.03 ±13.13 - -
Body Mass (kg) 98.76 ± 19.80 91.64 ± 16.60 NS

BMI (kg/m2) 33.19 ±5.71 30.91 ± 5.45 NS
Fat mass (kg) 38.08 ± 6.06 32.84 ± 9.41 NS

Lean body mass (kg) 60.93 ± 12.90 58.48 ± 12.04 NS
Water content (kg) 45.25 ± 9.16 43.81 ± 8.07 NS

Fatty liver (Hamaguchi score) 2.87 ± 0.60 1.40 ± 0.93 0.009
Triacylglycerols (mg/dL) 219.09 ± 326.01 166.31 ± 219.71 0.036
Total cholesterol (mg/dL) 206.06 ± 52.54 200.56 ± 45.44 NS

High density lipoprotein (mg/dL) 44.84 ± 10.09 49.47 ± 14.47 NS
Low density lipoprotein (mg/dL) 121.15 ± 33.43 122. ± 60.32 NS

Total lipids (mg/dL) 731.06 ± 414.63 706.44 ± 300.43 NS
Glucose (mg/mL) 104.50 ± 20.01 100.78 ± 10.72 NS

Insulin (U/mL) 17.90 ± 11.44 7.47 ± 5.34 0.034
HOMA-IR 4.85 ± 3.14 1.89 ± 1.36 0.041

Abbreviation: BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; NS,
not significant.

Table 3. Correlations between serum zonulin content and patient characteristics.

Parameters RHO p Value

Age (years) 0.05 NS
Body Mass (kg) <0.01 NS

BMI (kg/m2) (−) 0.18 NS
Fat mass (kg) (−) 0.13 NS

Fat content (%) (−) 0.17 NS
Lean body mass (kg) 0.09 NS

Water content (kg) 0.13 NS
Aspartate transaminase (U/L) 0.35 0.041
Alanine transaminase (U/L) 0.36 0.043

Gamma-glutamyltransferase (U/L) 0.19 NS
Triacylglycerols (mg/dL) 0.17 NS
Total cholesterol (mg/dL) 0.22 NS

High density lipoprotein (mg/dL) (−) 0.30 0.029
Low density lipoprotein (mg/dL) 0.37 0.032

Total Lipids (mg/dL) 0.31 0.041
Glucose (mg/mL) (−) 0.07 NS

Insulin (U/mL) (−) 0.10 NS
Fatty liver (Hamaguchi score) 0.33 0.037

3.2. The Content of Zonulin in the Serum May be Related to the Increase in Fiber Consumption

The analysis of nutritional diaries showed that all patients included in the analysis followed the
suggested nutritional recommendations. No significant deviations from the proposed energy supply
or key nutrients intake (proteins, carbohydrates and fats) were observed. Recruited patients consumed
on average 29.24 ± 10.97 g fiber per day, which is higher than the fiber intake as estimated for the
Polish population i.e., 19 g per day [29]. This included: soluble fiber (6.69 ± 3.21 g per day) and
insoluble fiber (17.44 ± 7.11 g per day). These calculations were done based on a 72-h recall diary
subjected to the Fineli base. According to the database of the Institute of Nutrition in Poland (IZZ),
the calculated fiber content was slightly lower: 28.18 g per day. We estimated that the frequency of
consumption of fruits and vegetables rose among study participants from a few portions per week to a
few portions per day (Table 4). The Spearman’s rank analysis indicated the existence of a correlation
between the amount of fiber in the diet and the concentration of ZO in blood (p = 0.043) (Table 5).
No other analyzed food constituent proved to correlate with serum ZO (p > 0.05).
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Table 4. Changes in patients dietary patterns during the intervention.

Frequency of Consumption According FFQ Before Intervention During the Diet Change in Frequency

Dairy products Every day Every day No change
Cereal products A few times a day A few times a day No change

Fats Every day Every day No change
Fruits A few times a week A few times a day Increased

Vegetables and grains A few times a week A few times a day Increased
Poultry, meet and fish Every day Every day No change

Abbreviation: FFQ, food frequency questionnaire.

Table 5. Correlations between diet compounds and the concentration of serum zonulin.

Parameters RHO p Value

Energy of diet (kcal) 0.01 NS
Protein (%) (−) 0.01 NS

Fat (%) (−) 0.07 NS
Saturated fatty acids (%) (−) 0.02 NS

Monounsaturated fatty acids (%) (−) 0.03 NS
Polyunsaturated fatty acids (%) (−) 0.20 NS

Carbohydrates (%) 0.07 NS
Fiber (%) (−) 0.30 0.043

4. Discussion

NAFLD is turning into the most frequent liver condition worldwide, and diet is regarded as
one of the major drivers of the steatotic phenotype. In our study we reconstructed the amount and
frequency of dietary fiber consumption in patients with NAFLD and detected a correlation between
ZO concentrations and fiber intake. Previously Pacifico et al. [13] demonstrated that serum ZO is
elevated in the blood of obese children with NAFLD: ZO values correlated with steatosis, but not with
fibrosis score, or the presence of nonalcoholic steatohepatitis (NASH). The results presented in the
study by Hendy et al. [21] suggest that ZO levels could be used for a quick and noninvasive diagnosis
of liver inflammation. It was observed that once ZO serum concentration in a patient with NAFLD
exceeds 8.3 ng/mL, the risk of developing NASH rises considerably. This might be significant for the
development of non-invasive biomarker panels that could substitute liver biopsy [21].

In our study, we examined whether ZO concentrations decreased during the introduction of calorie
restriction. Damms-Machado et al. [30] evaluated ZO contents in the stool of patients who underwent
a 12-month dietary intervention and showed that ZO concentrations in stool are not influenced by
weight reduction therapy and do not correlate with anthropometric variables. In our study we did not
detect any significant correlations between serum ZO concentrations and the reduction of body mass
parameters either. Similarly to Damms-Machado et al. [30], we observed a correlation between ZO and
lipid parameters, enzymatic markers of liver injury and the degree of steatosis. Damms-Machado et al.
observed that ZO concentrations among patients did not change significantly with steatosis over the
course of the study [30]. They concluded that the lack of fecal ZO alterations after the intervention
was a result of ZO-independent regulation of TJ occurring during the course of weight reduction,
which leads to the differences in gut permeability. We previously described a similar phenomenon
(ZO-independent regulation) in a study in which we analyzed the permeability of the barrier after the
use of colostrum [15].

We speculate that changes in fiber intake were responsible for the reduction of ZO in the blood of
our patients. Indeed, the level of dietary fiber rose in the diet of our patients regardless of the supply
of other nutrients (i.e., fat or carbohydrates). Our patients were subjected to control visits four times
during the 6-month dietary intervention, and only those patients who significantly increased their
frequency of consumption and supply of soluble and insoluble fiber completed the study. A recently
published study found that fruit fiber consumption was associated with improved liver health [31].
According to these results it was postulated that higher insoluble fiber consumption (≥7.5 g/day)
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leads to improvements in fatty liver parameters. Notably, a regression model proved a relationship
between liver status and fruit derived fiber [31]. Our study has some limitations that should be kept
in mind when interpreting the data. First of all, included patients were not biopsied, hence we did
not have data on the presence of NASH. For the same reason, we did not have data on the degree of
liver fibrosis in our patients. We focused on the measurements of zonulin, however other markers of
intestinal permeability such as bacterial endotoxin levels, LBP protein concentration or serum citrulin
might also provide additional insights into observed changes during diet. Finally, the studied cohort
was relatively small and the Hamaguchi score [28], which we applied to quantify NAFLD, has not
been thoroughly validated in Caucasians.

Why might the above results be of significance? Fibers fermenting in the intestine provide
short-chain fatty acids that fulfill a protective and nourishing role for colonocytes, ensuring the
preservation of the intestinal barrier [32]. Plant fiber provides nourishment for intestinal microbiota,
which are of prime importance to the preservation of the intestinal barrier integrity [31]. The results of
our study imply that appropriate fiber intake helps to maintain the proper structure and function of
the intestinal barrier. The lifestyle recommendations for successful management of NAFLD promote
fruit and vegetables in the diet of NAFLD patients. As our results show, the increased supply of
fiber positively influences the NAFLD-associated parameters and it should be promoted among the
specialists designing the diets for patients with fatty liver.
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