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Abstract

The prevalence of metabolic syndromes has
increased dramatically in both Western and Asian
countries, and nonalcoholic fatty liver disease
(NAFLD) has recently emerged as a major health
issue. Excess fructose intake is a progressive factor
in the pathophysiology of NAFLD. In this study,
we aimed to analyze the effects of fructose on
hepatocytes during lipotoxicity. The effects of fructose
were assessed in mice fed a high-fat diet with/without
sucrose (HFDS/HFD) and in HepG2 cells. Mice fed
HEDS showed advanced liver fibrosis as compared
with mice fed HFD or normal chow. Hemoxygenase-1
expression was significantly increased in the livers
of HFDS-fed mice. In MTT assays, oleate induced

cell death in HepG2 cells treated with fructose-
supplemented Dulbecco's modified Eagle's medium
(DMEM). Although oleate did not cleave Caspase 3,
oleate increased necrotic cell death in HepG2 cells
cultured in fructose-supplemented DMEM. Oleate in
fructose-supplemented DMEM significantly increased
the number of reactive oxygen species (ROS)-positive
hepatocytes. N-acetyl cysteine ameliorated oleate-
induced ROS production and cell death. Although
unsaturated fatty acids are less lipotoxic fatty acids,
excess fructose can promote unsaturated fatty acid
toxicity via ROS production.

Key words ! nonalcoholic steatohepatifis, necrosis, oleate,
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I. Introduction
The prevalence of metabolic syndrome
has increased among developed countries ™.
Thus, the incidence of nonalcoholic fatty
liver disease (NAFLD), a liver phenotype of
metabolic syndrome, has also increased **.

After successful eradication of hepatitis C
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virus infection by direct acting antivirals
nonalcoholic steatohepatitis (NASH), an
aggressive form of NAFLD, has become
one of the most common causes of liver
cirrhosis ®*”. Thus, NAFLD is recognized as
not only a health issue but also an economic
burden because of a lack of established
treatment strategies and therapeutic agents.
Further studies of the pathophysiology of
NAFLD are needed to prevent progression to
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NASH. Although the pathogenic mechanism
of NASH is thought to be multifactorial,
lipid accumulation in hepatocytes is a
fundamental characteristic of the disease ?.
After accumulation of lipids, several insults
to hepatocytes, such as exposure to agents
associated with intracellular toxicity, activation
of innate immunity, or imbalance of the
microbiota, may lead to hepatocyte death or

#12 Therefore, lipotoxicity

liver inflammation
in hepatocytes has been extensively studied ”.
Saturated free fatty acids (FFAs), such as
palmitate (PA), are strong inducers of cytotoxicity
via stimulation of apoptotic pathways in
hepatocytes *?. During these processes, PA
induced endoplasmic reticulum stress, c-Jun
N-terminal kinase (JNK) phosphorylation, and
mitochondrial membrane permeabilization **.
In contrast, unsaturated FFAs, such as
oleate (OA), are not considered cell death
inducers in hepatocytes . Furthermore,
unsaturated FFAs decrease the cytotoxicity
of saturated FFAs . Thus, unsaturated
FFAs are thought to be harmless lipids.

Excess intake of fructose can also worsen
NASH pathophysiology '®. Fructose is a
monosaccharide found in fruits, honeys,
and vegetables . High-fructose corn syrup
(HFSC) 1s widely used as a food ingredient,
particularly in soft drinks, owing to its
sweetness . Extensive use of HFSC has been
reported to be associated with the increased
incidence of metabolic syndrome worldwide ***¥.
In the field of basic research, fructose is a
source of FFAs and can induce cell damage
via production of reactive oxygen species
(ROS)™®. In a rodent model of NASH, sucrose
supplementation composed of both glucose

and fructose induces lobular inflammation

in the liver of the mice with a methionine-
choline deficient diet. In this condition,
fructose is more cytotoxic than glucose when
these two sugars are used as the source of

212 However, the toxicity of

carbohydrate
fructose in hepatocytes with lipids remains
unclear.

Accordingly, in this study, we aimed to
elucidate the effects of fructose on lipotoxicity
in a mouse NASH model and in cultured

hepatocytes.

II. Materials and Methods

1. Animals

Male 4-week-old C57BL/6] mice were
obtained from Charles River Laboratories
(Charles River, Yokohama, Japan) and were
house in humidity-controlled rooms with a 12-h
light/12-h dark cycle at 22° C with ad libitum
access to drinking water. After 1 week of
habituation, three mice were fed normal chow
(Cont), four mice were fed a high-fat diet (HFD;
HFD-60; Oriental Yeast Co., Tokyo, Japan),
and four mice were fed an HFD with sucrose
supplementation (42 g/L; HFDS). Each group
were fed their respective diet for 16 weeks.
All animal experiments were approved by
the Animal Care and Use Committee of Iwate
Medical University (Morioka, Japan; approval
no. 28-001). Serum alanine aminotransferase
(ALT), aspartate aminotransferase (AST),
and total cholesterol (TC) were measured
with an autoanalyzer (cat. no. JCA-BM2250;
JEOL, Tokyo, Japan). Animal experiments was
approved by an Institutional Animal Care and
Use Committee.

2. Histological evaluation

Paraformaldehyde-fixed, paraffin-embedded
(4%) liver tissue blocks were cut into 3-
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um-thick sections and stained with
hematoxylin-eosin staining for steatosis,
Masson-Goldner staining for fibrosis, and
immunostain for hemocyagenase-1 (HO-1).

3. Cells

Huh-7 and HepG2 cells were used as
cultured hepatocytes. These cell lines were
maintained using 10% fetal bovine serum in
Dulbecco’s modified Eagle's medium with
low glucose (1 g/L). PA and OA were used
with the above DMEM with either glucose
(3.5 g/L; high glucose) or fructose (3.2 g/L;
high fructose) supplementation. These two
media contained the same amount of calories
per unit volume. Stock concentrations of OA
and PA were 160 mM. Cells were treated
with 400 or 800 u M of the indicated lipids for
confirmation of lipid toxicity.

4. Cell proliferation assay

We evaluated cell proliferation using
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium
salt (WST-8) assays (Nacalai Tesque, Kyoto,
Japan), and absorbance was determined using
a microplate reader (Multiskan FC; Thermo
Fisher Scientific, Yokohama, Japan). Assays
were performed according to instructions
of the kit manufacturer. Briefly, cells were
seeded into 96-well plates 24 h before the
examination. After removed of the medium
from each well, 100 gL medium with the
indicated FFAs or solvent as a control was
added, and cells were incubated for 16 h. SF
agent (10 uL) was added to each well, and the
absorbance at 450 nm was measured 0 and
2 h later. Background absorbance at 450 nm
was subtracted. The ratio of that relative to
the control group was reported to determine
cell proliferation.

5. Cell death assay

To evaluate cell death, cells were stained
using an Apoptotic/Necrotic/Healthy Cells
Detection Kit (PromoCell GmbH, Heidelberg,
Germany), according to the manufacturer s
instructions. Briefly, cells on cover glass in
6-well plates were treated with different
media for various times. Fluorescein
1sothiocyanate-annexin V, ethidium homodimer
III, and Hoechst 33342 were mixed with
binding buffer, and the mixture was added
to the cells. After incubation for 15 min, cells
were visualized using fluorescent microscopy.
Red staining indicated necrotic cells, whereas
green staining indicated apoptotic cells. Results
were expressed as the ratio of the number of
dyed cells to the number of nuclei (stained blue).
Assays were performed at least three times.

6. Detection of ROS

Cells on cover glass in 6-well plates were
treated with different media for various
times. To evaluate ROS production, CellROX
Green Reagent (cat. no. 10422; Thermo
Fisher Scientific, Waltham, MA, USA) was
added to each well at a concentration of 5
u M. Cells were incubated for 30 min at 37C .
After fixation with 3.7% formaldehyde for 15
min, cells on the cover glass were mounted
in a mounting medium with 4’, 6-diamidino-
2-phenylindole. Cells were visualized using
fluorescent microscopy. Green punctate dots
indicated ROS. Results were expressed as the
ratio of the number of cells with punctate dots
to the number of nuclei. ROS production was
determined in at least four images of high-
power fields.

7. Immunohistochemistry of HO-1

positive cells in the liver

Anti HO-1 antibody was used for staining
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Table 1. PCR primers in this study

Gene Forward or Reverse primer Primer sequence (5-3")
aSMA Forward ctctcttccagecatctttcat
aSMA Reverse tataggtggtttcgtggatge
Collagen 1 Forward ccgctggtcaagatggte
Collagen 1 Reverse ctccagectttccaggttcet
Collagen III Forward ctectggtgagegaggac
Collagen III Reverse gaccaggttgcccatcact
GAPDH Forward gggttcctataaatacggactge
GAPDH Reverse ccattttgtctacgggacga

on paraffin-embedded liver sections of the
mice. After incubation with primary antibody,
the sections were incubated with peroxidase-
labeled anti-mouse secondary antibodies
(Histofine Simple Stain Max-PO Kit, Nichirei,
Tokyo, Japan). Then, 3,3 -diaminobenzine was
used for signal development in the presence
of peroxidase. Results were expressed as the
ratio of the number of cells with HO-1 positive
staining to the number of nuclei.
8. Immunoblotting analysis
Whole-cell lysates were prepared as
described previously. Equal amounts
of protein (20-40 ug) were resolved by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 4-12% acrylamide gels
and transferred to polyvinylidene difluoride
membranes. The membranes were incubated
with primary antibodies at 4C overnight and
were then incubated with the appropriate
horseradish peroxidase-conjugated secondary
antibodies at room temperature for 90 min
(BioSource International, Camarillo, CA, USA).
Bound antibodies were visualized using a
chemiluminescent substrate (ECL Prime,
Amersham, Buckinghamshire, UK).
9. Quantitative reverse transcription
polymerase chain reaction (qQRT-PCR)
Total cellular RNA was extracted using

TRIzol reagent (Invitrogen, Camarillo, CA,
USA) and was reverse transcribed into
cDNA with Moloney murine leukemia virus
reverse transcriptase (Invitrogen) and random
primers (Invitrogen). cDNA was used as a
template for qRT-PCR, which was carried out
on a LightCycler instrument (Roche Applied
Science) using SYBR green (Molecular Probes,
Eugene, OR) as a fluorophore. PCR primers
are summarized in Table 1. Gene expression
was quantified by the 2 **° method, and
the target mRNA expression levels were
expressed relative to glyceraldehyde
3-phosphate dehydrogenase in each sample.

10. Reagents and antibodies

For immunoblotting analysis and
Immunohistochemistry, the following primary
antibodies were used: goat anti- f§ -actin (1:1000;
cat. no. sc-1616; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-hemoxygenase-1
(HO-1; 1:30 for immunohistochemistry; cat. no.
sc-136960; Santa Cruz Biotechnology), anti-
phosphorylated c-Jun (1:1000; cat. no. 9261;
Cell Signaling Technology, Tokyo, Japan), anti-
phosphorylated JNK (1:1000; cat. no. 9251;
Cell Signaling Technology), and anti-cleaved
caspase 3 (1:1000; cat. no. 9661; Cell Signaling
Technology). N-acetyl cysteine (NAC) was
purchased from Sigma (St. Louis, MO, USA).
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Fig. 1. Effects of a high-fat diet (HFD) with or without sucrose on weight gain, liver enzymes, hypercholesteremia,

liver inflammation, and liver fibrosis.

A: Body weight (upper left panel), aspartate aminotransferase (upper right panel), alanine
aminotransferase (lower left panel), and total cholesterol (lower right panel) after 16 weeks of feeding
were evaluated in mice fed normal chow (Cont), an HFD, or an HFD with sucrose (HFDS).

B: Representative microscopic images of liver sections subjected to hematoxylin and eosin staining (upper
panels, magnification, 50 X ) and Masson's trichrome staining (lower panels, magnification, 50 x ) for
histological evaluation. Left, middle, and right panels are the Cont, HFD, and HFDS groups, respectively.

C: mRNA expression of the indicated genes as analyzed by qRT-PCR. Data are the means + SDs.

NAC was dissolved in phosphate-buffered
saline to obtain a 2 M stock solution.

11. Statistical analysis

All data represent the results of at least

three independent experiments and are
+

expressed as the mean standard deviation.
The differences between the groups were
compared using Student’s t-test and one-way
analysis of variance with a post-hoc Dunnett’s
test. All statistical analyses were performed
using the SPSS 17.0 software program (SPSS
Inc., Chicago, IL, USA). Results were considered

significant when the p-value was <0.05.

III. Results

1. HFD induced steatosis in mice, and
sucrose supplementation enhanced
HFD-induced inflammation and

fibrosis in the liver
To confirm the effects of the HFDS,
we compared the results for body weight,
histological findings of the liver, and laboratory
data among the HFDS, HFD and Cont groups.
Body weight was significantly higher in the
HFD and HFDS groups than in the Cont
group (Fig. 1A). AST levels were significantly
higher in the HFDS group than in the Cont
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Fig. 2. Mice fed a high-fat diet (HFD) with sucrose (HFDS) showed increased levels of hemoxygenase-1 (HO-1) in

the liver.

A: Immunohistochemical analysis of HO-1. Left, middle, and right panels indicate groups fed normal chow
(Cont), a high-fat diet (HFD) and high fat diet with sucrose (HFDS), respectively.

B: HO-1 positive hepatocytes were detected by light microscopy. HO-1-positive hepatocytes were counted
in at least five images of high-power fields. Data are the means = SDs (*p < 0.05).

group (Fig. 1A). ALT and TC levels were
significantly higher in the HFD and HFDS
groups than in the Cont group (Fig. 1A). In
histological analyses, overt lipid accumulation in
the liver was found in both the HFD and HFDS
groups (Fig. 1B). Furthermore, lymphocyte
accumulation was found in the HFDS group.
No advanced fibrosis was observed in the HFD
and HFDS groups (Fig. 1B). However, mRNA
expression of a -smooth muscle actin and
collagen III was significantly higher in livers
in the HFDS group than in livers in the Cont
group; In contrast, collagen I expression did not
differ among these mice (Fig. 1C). These data
indicated that HFDS induced steatohepatitis
with fibrogenic changes, suggesting that this
may be a good model of early-stage NASH.

2. HFDS increased HO-1 expression in
the liver

Because sucrose i1s composed of both
glucose and fructose, and fructose is known
as an inducer of ROS, we hypothesized that
fructose was the primary cause of sucrose-
induced liver injury in the mice with HFDS.
To elucidate whether sucrose supplementation
had effects similar to those of fructose on
inducing ROS production, we evaluated HO-1
expression in the liver. HO-1 is known as a
marker of ROS production because expression
of HO-1 responds to chemical and physical
agents that directly or indirectly generate
ROS. The positive area of HO-1 staining in
hepatocytes increased significantly in the
HEDS group compared with those in the Cont
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Fig. 3. Fructose supplementation enhanced OA-induced cytotoxicity via necrosis in a caspase-independent manner.
A and C: HepG2 cells were incubated with OA (800 uM) or PA ( 800 uM) for 16 h. Vehicle-treated cells
were used as controls (Cont). Three conditions were evaluated under two types of media: glucose-
supplemented (Glucose) or fructose-supplemented medium (Fructose). Cell proliferation was assessed using
SF reagents (A). Cell death was assessed using an Apoptotic/Necrotic/Healthy Cells Detection Kit, and
apoptosis and necrosis were detected using fluorescent microscopy. Results were expressed as the ratio of
the number of dyed cells to the number of nuclei (blue) (C).

B: Immunoblot analysis of phosphorylated JNK, phosphorylated c-Jun, caspase 3, and actin. Whole-cell
lysates were prepared from HepG2 cells after incubation with OA (800 uM), PA (800 uM), or control (vehicle)

treatment for 6 h. Data are the means

and HFD groups (Fig. 2A). The number of
HO-1-positive hepatocytes was also increased
in the HFDS group (Fig. 2B).

3. Fructose-supplemented medium

enhanced OA-induced cytotoxicity

Because sucrose supplementation induced
steatohepatitis in our current model and
excess fructose has been shown to be
associated with increase prevalence of
NAFLD in human studies, we next evaluated
how fructose affects lipotoxicity in hepatocytes

+ SDs ("p < 0.05).

in vitro. To confirm the effects of fructose-
supplemented medium on hepatocyte viability,
cell proliferation assays were performed.
In HepG2 cells treated with 800 uM PA,
cytotoxicity was observed for both glucose-
supplemented and fructose-supplemented
media (Fig. 3A). In contrast, OA-induced
cytotoxicity was only observed in cells with
fructose-supplemented medium. Huh-7 and
HepG2 cells exhibited OA-induced cytotoxicity
when fructose was added to the medium,
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Fig. 4. Fructose supplementation enhanced OA-

induced cytotoxicity via necrosis in Huh-7
cells.
A and B: Huh-7 cells were incubated with OA
(800 uM) or PA (800 uM) for 16 h. Vehicle-
treated cells were used as controls (Cont).
Three conditions were evaluated under
two types of media: glucose-supplemented
(Glucose) or fructose-supplemented medium
(Fructose). Cell proliferation was assessed
using SF reagents (A). Cell death was
assessed using an Apoptotic/Necrotic/
Healthy Cells Detection Kit, and apoptosis
and necrosis were detected using fluorescent
microscopy. Results were expressed as the
ratio of the number of dyed cells to the
number of nuclei (blue) (B).

although PA-induced cytotoxicity occurred
in both glucose-supplemented and fructose-
supplemented media (Fig. 4A).

4. Fructose enhanced OA cytotoxicity in

a caspase-independent manner

To determine the mechanisms of OA-
induced cytotoxicity, novel signaling
pathways associated with lipotoxicity were

evaluated in HepGZ cells using immunoblot
analysis. In HepG2 cells treated with 800 uM
OA in fructose-supplemented medium,
phosphorylation of JNK and c-Jun was not
observed (Fig. 3B). Furthermore, cleaved
caspase 3 did not increase in these cells. In
contrast, OA induced cleaved caspase-3 in
glucose-supplemented medium. PA induced
the phosphorylation of both JNK and c-Jun
in both glucose-supplemented and fructose-
supplemented media. Cleavage of caspase-3 by
PA increased in both glucose-supplemented
and fructose-supplemented media, although
the effects in glucose-supplemented medium
were more dramatic (Fig. 3B).

5. OA-induced cytotoxicity in fructose-
supplemented medium was associated
with necrosis

To determine the mechanisms through

which fructose enhanced OA-induced
cytotoxicity, we confirmed the type of cell
death using fluorescent microscopy. In HepG2
cells, PA induced apoptosis in both glucose-
supplemented and fructose-supplemented
media, although the apoptosis rate was higher
in glucose-supplemented medium (Fig. 3C). In
contrast, necrosis was significantly increased
following OA treatment with fructose-
supplemented medium. Similar results were
observed in Huh-7 cells (Fig. 4B).

6. OA increased ROS production in
hepatocytes cultured in fructose-
supplemented medium

To confirm the mechanisms through

which OA plus fructose induced cell
death,
each condition. Both glucose-supplemented

evaluated ROS production under

and fructose-supplemented media without
OA did not increase ROS production (Fig.
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Fig. 5. OA with fructose supplementation induced reactive oxygen species (ROS) production.
A: ROS levels were assessed by CellROX Green Reagent. Images were obtained by fluorescent
microscopy. Left, middle, and right panels indicate control (Cont), OA, and PA treatments,
respectively. Upper and lower panels indicate glucose-supplemented (Glucose) and fructose-

supplemented medium (Fructose), respectively.

B: Punctate dots were counted. Results were expressed as the ratio of the number of cells with
punctate dots to the number of nuclei. ROS production was evaluated in at least four images of high-
power fields. Data are the means = SDs (*p < 0.05).

5A and 5B). In contrast, OA with fructose-
supplemented medium increased ROS
production, whereas OA with glucose-
supplemented medium did not. Although PA
induced cell death, PA did not increase ROS
production (Fig. 5A and 5B).

7. NAC prevented OA-induced ROS
production and attenuated OA-induced
necrosis in fructose-supplemented
medium

We speculated that ROS mediated OA-

induced cell death in fructose-supplemented

medium. Thus, we investigated the effects
of NAC, a known ROS scavenger, on OA-
induced cytotoxicity in fructose-supplemented
medium. Our results showed that 2 mM NAC
decreased ROS production in combination
with OA and fructose-supplemented medium
in HepG2 cells (Fig. 6A and 6B) and attenuated
OA-induced cytotoxicity (Fig. 6C). In addition,
NAC decreased the number of necrotic cells
following OA treatment (Fig. 6D).
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Fig. 6. N-acetyl cysteine (NAC) attenuated OA-induced reactive oxygen species (ROS) production and
attenuated OA cytotoxicity by decreasing necrosis.
A: ROS levels were assessed using CellROX Green Reagent. Images were obtained using fluorescent
microscopy. Left and right panels indicate control (Cont) and OA treatments, respectively. Upper and
lower panels indicate without/with NAC, respectively.

B: Punctate dots were counted. Results were expressed as the ratio of the number of cells with
punctate dots to the number of nuclei. ROS production was evaluated in at least four images of high-
power fields.

C and D: HepG2 cells were incubated with control (Cont) or OA (800 uM) with/without 2 mM NAC
in fructose-supplemented medium for 10 h. Vehicle-treated cells were used as controls (Cont). Cell
proliferation was assessed using SF reagents (C). Cell death was assessed using an Apoptotic/
Necrotic/Healthy Cells Detection Kit, and apoptosis and necrosis were detected using fluorescent
microscopy. Results were expressed as the ratio of the number of dyed cells to the number of nuclei
(blue) (D). Data are the means = SDs ("p < 0.05).

IV. Discussion
In this study, we demonstrated that
HFDS induced steatohepatitis and increased
HO-1 expression in the liver. Moreover, we
found that OA was cytotoxic in hepatocytes
cultured in medium containing high levels of
fructose and that OA-induced cytotoxicity

in fructose-supplemented medium involved

caspase-independent necrosis mediated by
ROS production.

FFAs are causal agents of NASH patho-
physiology. In particular, saturated FFAs
and their metabolites induce hepatocyte
apoptosis via endoplasmic reticulum
stress, JNK phosphorylation, and caspase 3

14, 23-25

cleavage ) In contrast, unsaturated FFAs
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are believed to be harmless because they
do not induce apoptosis and can attenuate
the cytotoxic effects of saturated FFAs ™.
However, in this study, we demonstrated that
unsaturated FFAs may contribute to liver
toxicity under specific conditions, such as in
the presence of fructose.

Increased fructose intake is associated with
an increased prevalence of obesity in the
United States '”. Therefore, excess fructose
intake may be associated with disease
progression in NAFLD. In intracellular
metabolism, fructose supplies adenosine
triphosphate without a suppressive mechanism
because there is no rate-limiting enzyme

26

in this pathway °*®. Thus, excess fructose

induces mitochondrial function enhancement
and depletion of adenosine triphosphate .
However, the detailed mechanisms of ROS
production by unsaturated FFAs plus fructose
supplementation remain unclear.

In this study, we found that unsaturated
FFAs induced cytotoxicity in the presence
of excess fructose. Importantly, fructose
itself did not induce significant cytotoxicity
and ROS production in this setting, whereas
OA induced cell death. These results
revealed that the presence of both OA and
fructose led to cell death in hepatocytes and
demonstrated that unsaturated FFAs may
cause insults associated with NASH in the
liver. Furthermore, in our in vivo NASH
model, HO-1, a known marker of the oxidative
stress response, was increased in hepatocytes,
suggesting that HFDS induced oxidative stress
in the liver. Taken together, our findings
provide new evidences demonstrating that
ROS production was associated with NASH
pathophysiology and revealed the mechanisms

through which ROS were generated in NASH.
Innate immunity plays a key role in the
pathophysiology of NASH because crosstalk
between innate immunity and cell death
induces liver inflammation, which leads to
progression of fibrosis ?”. In NASH, control
of hepatocyte death is crucial. As described
above, unsaturated FFAs are thought to be
harmless lipids that are not associated with
the pathophysiology of NASH. However,
in this study, we found that OA induced
necrosis when cultured with excess fructose.
According to previous studies of necrosis,
this type of cell death strongly induces
inflammation via release of damage-associated
molecular patterns . Thus, the necrosis
observed in this study may induce significant
inflammation in vivo. It is still unclear whether
apoptosis or necrosis needs to be inhibited
during the treatment of NASH. However, in
vivo inhibition of apoptosis has been reported
to promote cancer development ) Moreover,
undead hepatocytes may yield ballooned
hepatocytes, a hallmark of NASH associated
with disease severity in the livers of patients
with NASH # * Furthermore, apoptosis in
macrophages ameliorates liver fibrosis *.
Thus, it is possible that inhibition of apoptosis
could have varying effects on the pathogenesis
of NASH. Intriguingly, necrostatin, an inhibitor
of programmed necrosis (necroptosis), was
found to alleviate symptoms of NASH in an
in vivo model . According to the results of
this study and previous studies, we speculated
that control of necrosis may be a therapeutic
target for the treatment of NASH.

There were several limitations to this
study. First, oxidative stress was only
confirmed by HO-1 expression. Although
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we attempted to determine the expression
levels of novel oxidative stress markers, such
as 8-hydroxydeoxyguanosine, liver samples
fixed using paraformaldehyde showed
abundant nonspecific staining in the control.
Therefore, such markers were inadequate
for analysis of oxidative stress. Second, we
did not confirm the results using primary
hepatocytes. However, we believe that the
results of this study would also be observed
in primary cells because two cell lines (Huh-
7 and HepG2Z cells) showed the same results.
Third, we did not confirm our results in
human NASH. Although we understand the
importance of human studies, confirmation
is difficult because fructose intake would
be challenging to quantify in patients with
NAFLD. Thirdly, sucrose instead of fructose
was used for in vivo study although fructose
was used for in vitro study. However, a
previous study has reported that there are
no significant difference of metabolic or
endocrine response in health-related effects
between HFCS and sucrose *. Therefore,

in this study, fructose cytotoxicity in the iz
vitro study may be recapitulated by the effect
of sucrose supplementation in the in vivo
study. Finally, the mechanisms through which
the combination of excess fructose and OA
produced ROS remain unknown. Accordingly,
further studies of ROS production under these
conditions are necessary in order to elucidate
the mechanisms of NASH pathophysiology.
We conclude that excess fructose can
promote unsaturated fatty acid toxicity
via ROS production although the detailed
mechanism by witch fructose generates ROS

during lipotoxicity remains unknown.
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