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Increased hepatic apoptosis in high-fat diet-induced NASH
in rats may be associated with downregulation of hepatic
stimulator substance
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Abstract The mechanisms of progression from fatty liver
to steatohepatitis and cirrhosis are not well elucidated.
Hepatocellular apoptosis could be one of the key factors in
the pathogenesis of non-alcoholic steatohepatitis (NASH).
Hepatic stimulator substance (HSS) protects liver cells from
various toxins. We previously reported that HSS is critically
important for the survival of hepatocytes due to its
mitochondrial association. This study aims to investigate
the relationship between HSS and hepatocellular apoptosis
in vivo models of high-fat diet-induced NASH and in vitro
models of palmitic acid-induced hepatocyte injury.
Sprague–Dawley rats were fed a high-fat diet for 8, 12
and 16 weeks. Hepatic histological lesions, liver function
and apoptosis were examined. HSS expression, in associ-
ation with caspase-3 and cytochrome c leakage, which are
both indicators of cell apoptosis, was measured. Results
showed that a high-fat diet altered liver function and histology
in a manner resembling NASH. Hepatic protein and mRNA
HSS expression was decreased as NASH progressed.
Meanwhile, cell apoptosis increased as result of caspase-3
activation and cytochrome c release, indicating that HSS
might be involved in NASH pathogenesis. Furthermore, in

palmitic acid-induced hepatic cell damage, over-expression
of HSS decreased cells apoptosis. In contrast, repression of
HSS expression by siRNA increased cell apoptosis. In
conclusion, these data imply that cell apoptosis contributes
to the pathogenesis of NASH, during which HSS expression
is downregulated. Increasing HSS expression in hepatocytes
may forestall cell apoptosis as result of fatty acid insult.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most
common form of chronic liver disease in western countries,
and it encompasses a wide spectrum of liver damage from
steatosis to non-alcoholic steatohepatitis (NASH) and,
finally, cirrhosis [1]. Liver injury in NASH is usually
characterised by fat accumulation, infiltration of inflamma-
tory cells and a varying extent of ballooning degeneration
of hepatocytes in the absence of significant alcohol
consumption [2]. NASH is currently considered a signifi-
cant cause of cryptogenic cirrhosis. Emerging data have
shown that hepatocellular apoptosis is significantly in-
creased in patients with NASH and correlates with disease
severity [3]. This implies that apoptosis could be involved
in the aetiology of NASH, and anti-apoptotic therapy may
be useful to treat this syndrome. Still, the pathogenesis of
NASH as it relates to apoptosis remains poorly understood.
Insight into the mechanisms responsible for the progression
of NASH may be helpful in designing effective preventive
and/or disease management strategies.

Recently, a liver growth-promoting factor, namely
hepatic stimulator substance (HSS), has reported to
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protect the hepatocytes from apoptotic damage. HSS was
initially identified in the liver of weanling rats [4] and
was reported to stimulate remnant liver regeneration after
partial hepatectomy [5, 6]. HSS has also been called as
augmenter of liver regeneration (ALR) or hepatopoietin.
Although HSS was synthesized in liver parenchymal cells
[7], it has multiple-tissue expression [8], different subcel-
lular localisations [9] and diverse functions [10]. HSS
exerts two forms of either longer (with 205 amino acids)
or shorter one (with only 125 amino acids). The shorter
form of HSS is secreted as a cytokine that promotes
hepatocyte growth [11], and the longer form of HSS that
resides in the cell is a sulfhydryl oxidase that binds FAD in
an unusual helix-rich domain containing a redox-active
CXXC disulfide proximal to the flavin ring [12, 13]. In
addition, the longer form of HSS could participate in
oxidative trapping of reduced proteins entering the
mitochondrial intermembrane space [14, 15]. Many stud-
ies have revealed that HSS protected the liver from acute
injury caused by several compounds, including carbon
tetrachloride [16], D-galactosamine [17], ethanol [18] and
H2O2 [19]. It has also been proven that some alterations in
HSS gene expression occur in relation to pathological
states, such as acute liver disease, liver cirrhosis and
hepatocellular carcinoma [20]. HSS possesses clinical
implications because exogenous HSS administration to
rats with thioacetamide-induced liver fibrosis/cirrhosis is
able to significantly decrease fibrosis and suppress the
onset of cirrhosis [21]. Thirunavukkarasu et al. reported
that ALR is critically important for the survival of
hepatocytes due to its association with mitochondria
[22]. The results of our previous study [19, 23, 24] also
demonstrated that the function of the HSS gene in liver
cells may be related to its anti-apoptotic effects. The
protective effect of HSS may be associated with blockade
of the mitochondrial permeability transition.

Although hepatic apoptosis played an important role
during the pathogenesis of NASH, the ability of HSS to
prevent liver cell apoptosis, thereby alleviating NASH,
remains unclear. In this study, we prepared an animal model
of NASH using a high-fat diet and investigated the
relationship between HSS and hepatocellular apoptosis.
We found that marked cell apoptosis in livers was observed
during NASH progress, which was accompanied with
gradual reduction of hepatic HSS contents. In in vitro
study, we transfected HSS gene into hepatoma cells and
found that HSS over-expression could alleviate the cell
apoptosis induced by fatty acids. Moreover, we decreased
HSS expression by siRNA treatment and demonstrated that
inhibition of HSS expression could enhance the cell
apoptosis. These results indicated that the HSS down-
regulation, although with unknown mechanism, might
deteriorate hepatocellular apoptosis, leading to severity of

NASH pathogenesis. Hence, upregulation of hepatic HSS
expression seems to be a potential target strategy dealt with
NASH experimental therapy.

Materials and methods

Animals and experimental protocols

All protocols for animal care and experiments were
approved by the Ethical Committee of Capital Medical
University, Beijing. Male Sprague–Dawley rats (110–130 g)
were fed a standard diet (ingredients: 5% fat, 23% protein,
55% carbohydrate, 6% fibrate, 1.2% calcium, 0.8%
phosphorus and 9% water) or a high-fat diet (88% standard
diet plus 2% cholesterol and 10% lard) with ad libitum food
intake as previously described [25]. After the 8, 12 and
16 weeks of dietary intervention, rats were killed by
puncture of the abdominal aorta after overnight fasting,
and the livers were removed rapidly, weighed and dissected.
Serum alanine aminotransferase (ALT) levels were mea-
sured using an autoanalyser in the Clinical Chemistry
Laboratory of the Youan Hospital, Capital Medical Univer-
sity, Beijing.

Histopathologic evaluation

Bouin-fixed, paraffin-embedded sections of the liver were
stained with haematoxylin–eosin (H & E) and Masson’s
staining. Sections of frozen rat liver tissue were stained
with oil red O for hepatic lipid droplets. Apoptosis was
detected using the terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labelling (TUNEL) method. The
TUNEL assay was carried out according to the manufac-
turer’s protocol with in situ Cell Death/AP Detection kit
(Roche Diagnostics, Mannheim, Germany). The results
were scored semi-quantitatively by averaging the number of
TUNEL cells/field for six fields/tissue sample.

Hepatic ATP levels

Mitochondria were isolated and protein concentrations of
the lysates were determined using a bicinchoninic acid
Protein Assay Kit (Pierce, Rockford, IL, USA). Mitochon-
drial ATP content was measured using a luciferin–luciferase
assay from a commercial bioluminescence assay kit
(Promega, Madison, USA).

Western blot analysis

Liver tissues were homogenised and cell cytosol or
mitochondrial proteins were extracted using a Mito-
Cyto Isolation Buffer Kit (Pierce). Proteins were sepa-
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rated with 12% sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to PVDF
membranes (Millipore, Billerica, MA, USA) for western
blot analysis. Primary antibodies specific to caspase-3
(1:1,000, Cell Signalling Technology, Beverly, MA,
USA), cytochrome c (Cyt c; 1:1,000, Santa Cruz, CA,
USA), Bcl-2 (1:1,000, Cell Signalling Technology, Bev-
erly MA, USA) and HSS (1:500, Santa Cruz) were
incubated with the membrane at 4°C overnight. The
positive reactions against these antibodies were visualised
using enhanced chemiluminescence (ECL, Santa Cruz)
reagent, followed by exposure to Kodak X-Omat X-ray
film. After rinsing the membrane with acetonitrile for
10 min, the membranes were re-hybridised with antibodies
against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 1:10,000, Kangchen Company, China) or
voltage-dependent anion channel (VDAC; 1:1,000, Cell
Signalling Technology) as the loading controls. Relative

density of protein bands was determined using Image J
software (National Institutes of Health, USA).

mRNA analysis by real-time PCR

Total RNA from rat liver was extracted using TRIzol
(Invitrogen, Carlsbad, CA USA). The first strand of cDNA
was synthesized from 5 μg RNA (Superscript III cDNA
Synthesis Kit, Invitrogen), and mRNA for HSS and 18S
rRNAwere estimated by quantitative real-time PCR using a
SYBR Green PCR Kit (Applied Biosystems, Carlsbad, CA,
USA). Quantitative RT-PCR was performed with a Prism
7300 Sequence Detecting System (Applied Biosystems).
HSS primer sequences were as follows: forward primer 5′-
AAAGGTTTGGAGCACGGGA-3′, reverse primer 5′-
GAAGGAAAGCCCAGGTGTTG-3′ and 18S forward
primer 5′-GTAACCCGTTGAACCCCATT-3′, reverse prim-
er 5′-CCATCCAATCGGTAGTAGCG-3′.

Fig. 1 a Liver index (the liver-
to-body mass ratio) in rats fed a
high-fat diet or normal diet at 8,
12 and 16 weeks. b Rat serum
alanine aminotransferase (ALT)
levels. Data are expressed as
mean±SD of ten animals in
each group. *P<0.05 vs. the
control group. c Histochemical
analysis of liver specimens
stained with haematoxylin and
eosin (H & E) from rats fed a
high-fat diet for 8, 12 and
16 weeks. Rats fed a high-fat
diet for 8 weeks show steatosis,
predominantly as microvesicular
fat in the acinar zones 1 and 2.
(H & E and oil red O staining).
Rats fed a high-fat diet for 12
and 16 weeks show pronounced
hepatic steatosis (oil red O
staining), ballooning degenera-
tion, infiltration of inflammatory
cells (arrowhead), piecemeal
necrosis (stars, H & E staining),
fibrous tissue deposition and
formation of fat granulomas
(arrows, Masson’s staining).
Objective lens, ×20
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Cell culture and palmitic acid treatment

BEL-7402 cells, a human hepatoma cell line, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Invitro-
gen) containing 10% foetal bovine serum Hyclone, Rock-
ford, IL, USA), penicillin (100 U/ml) and streptomycin
(100 U/ml). To induce cellular damage, 200 or 400 μM of
palmitic acid (PA; Sigma, St. Louis, MO, USA) was added
to serum-free DMEM medium after the cells grew to
70∼80% confluences. Bovine serum albumin (BSA) was
administrated as control as described previously [26].

Assessment of intracellular lipid accumulation

Intracellular lipid accumulation was assessed by Nile red
staining [27]. PA-treated cells or control cells were fixed

with 4% paraformaldehyde at room temperature for 15 min.
Intracellular lipid was stained with Nile red (0.2 mg/ml) for
5 min at room temperature. Images were acquired with a
laser scanning confocal microscope (LEICA TCS SP5).

HSS plasmid transfection

The HSS expression plasmid was constructed as previously
described in detail [23]. The cells were transfected with
5 μg of either HSS-bearing vector or control vector with
Lipofectamine 2000 (Roche Diagnostic) following the
manufacturer’s recommendations. Eight hours after trans-
fection, cells were selected using a G418 sulphate (400 μg/
ml) for 14 days. The cell colonies resistant to G418 were
harvested. Stably expressing HSS-transfected cells were
cultured for further study.

Fig. 2 Cell apoptosis in liver of
rats fed a high-fat diet or control
diet for 8, 12 and 16 weeks. a, b
TUNEL-positive cells that were
green under fluorescence micros-
copy were quantified from six
randomly selected fields at ×400
magnification. Data were
expressed as mean±SD of six
animals in each group. c Repre-
sentative of cleaved caspase-3 and
GAPDH proteins expression by
Western blot. Values are means±
SD of ten animals in each group.
*P<0.05; **P<0.01 vs. the con-
trol group

1210 J Mol Med (2011) 89:1207–1217



siRNA transfection

siRNA target sequences against HSSwere designed according
to a previous report [19]. BEL-7402 cells, grown in 10%
FBS-DMEM, were seeded in 6- or 24-well plates and
allowed to grow to 70∼80% confluences. Subsequently, the
cells were transiently transfected with HSS-specific siRNA
or non-targeting control (scrambled) siRNA. The transfec-
tion of siRNA was preceded using the DharmaFECT 4
transfection reagent (Thermo Scientific) according to the
manufacturer’s instructions. After transfection, the cells were
allowed to grow for 48 h and then were treated with 200 or
400 μM of PA for 16 h as indicated. Cells were then
harvested for apoptosis analysis.

Apoptotic analysis

Cells were plated in 6-well plates. After attachment, cells were
incubated with 200 or 400 μM of PA for 24 h. Cell apoptosis
was analysed using the Annexin V-FITC/PI. Apoptosis Kit
(Biosea, Beijing, China) according to its instructions by flow
cytometry (Becton Dickinson FACScan, USA) as previously
described in detail [19]. The data were analysed using

Cellquest software (Becton Dickinson). To further assess
apoptosis, caspase-3 activation was monitored using Quanti-
kine Active Caspase-3 Immunoassay Kits (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions. Mitochondrial Cyt c and VDAC content were
also analysed by western blot analysis. All data are presented
as the mean of three determinations.

Statistical analysis

The results of multiple observations are presented as mean±
SD. The data were analysed with statistics software SPSS 11.5
using a nonparametric analysis of variance test. Differences
were considered significant if the P value is less than 0.05.

Results

Induction of NAFLD and histopathological lesions

Liver index of treated rats (the liver-to-body mass ratio)
significantly increased at 8 weeks in comparison to
control rats (P<0.05) and persisted at high levels until 12

Fig. 3 a Cyt c protein levels in
liver mitochondria and cytosol
from rats fed a high-fat diet and
rats fed control diet for 8, 12 and
16 weeks. The level of Cyt c
protein was normalised to
VDAC protein level, and this
ratio was set to 100% in control
mitochondria. The values are the
mean±SD for independent mi-
tochondrial preparations. Data
were expressed as mean±SD of
ten animals in each group. b
Bcl-2 protein levels in liver from
rats fed a high-fat diet and rats
fed control diet for 8, 12 and
16 weeks. The level of Bcl-2
protein was normalised to
GAPDH protein level, and this
ratio was set to 100% in each
control. c Hepatic ATP content
in rats fed a high-fat diet or
normal diet at 8, 12 and
16 weeks. Data are expressed as
mean±SD of ten animals in
each group. *P<0.05; **P<
0.01 vs. the control group
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and 16 weeks (P<0.05 vs. controls; Fig. 1a). ALT levels
of treated rats significantly increased at 12 and 16 weeks
as compared with control rats (P<0.05 vs. controls; Fig. 1b).
Histochemical analysis of liver specimens (Fig. 1c) showed
remarkable fat accumulation in the livers of rats fed high-fat
diet for 8, 12 and 16 weeks. Foci of lobular inflammation,
ballooning degeneration and piecemeal necrosis appeared
scattered throughout the livers of rats fed high-fat diet for 12
and 16 weeks as previously described [28]. Masson’s
staining indicated that fibrous tissue deposition and forma-
tion of fat granulomas occurred in the treated rat livers at
16 weeks (Fig. 1c). Together, these observations suggest that
hepatic manifestations, such as steatosis, inflammation and
early fibrosis, in the rats fed high-fat diet for 8, 12 and
16 weeks closely resemble the hepatic changes observed in
human NAFLD.

Cell apoptosis during NAFLD development

To assess hepatocellular apoptosis in rats with NAFLD, we
performed the TUNEL assay on paraffin sections and
assessed cleaved caspase-3 expression by western blot in
the liver. High-fat diet administration significantly promot-
ed hepatocellular apoptosis in the rat, as the numbers of
TUNEL-positive cells increased at 12 and 16 weeks
(Fig. 2a, b). The high-fat diet also enhanced the activation
of caspase-3 in rat livers (P<0.05 vs. controls; Fig. 2c),
further confirming that apoptosis was involved in NASH
development.

Leakage of mitochondrial Cyt c, Bcl-2 activity and ATP
depletion during NAFLD

Leakage of mitochondrial contents, such as Cyt c, was
considered as a major event in cellular apoptosis. We next
determined whether the leakage of Cyt c from the
mitochondria takes place during NASH development.
Mitochondria from livers with NAFLD and livers of control
rats were separated. As shown in Fig. 3, leakage of Cyt c
from the mitochondria was clearly observed as a conse-
quence of high-fat diet administration. (Fig. 3a). The anti-
apoptotic Bcl-2 protein levels were significantly decreased
in the liver of rats fed high-fat diet for 12 and 16 weeks. To
convince the cell apoptosis, Bcl-xl expression was also
determined and the result was shown in S-Fig. 1 of the
Electronic Supplementary Material (ESM). The ATP level
was greatly reduced after high-fat diet for 12 and 16 weeks
(Fig. 3b).

HSS downregulation during NAFLD

Hepatic HSS mRNA and protein expression were evaluated
by real-time PCR and western blot. It was shown that both

HSS mRNA and protein levels were reduced in the livers of
rats with NASH after having received the high-fat diet for
12 and 16 weeks (Fig. 4a, b). Furthermore, we isolated
mitochondrial proteins from NAFLD and control rat livers
and found that HSS protein level significantly decreased 12
and 16 weeks after NASH development (data not shown).

HSS over-expression and anti-apoptotic effect in fatty
acid-induced apoptosis

The anti-apoptotic effect of HSS was previously reported
[19, 29]. The over-expression of HSS in cells confers
resistance to H2O2 and radiation, as well as mechanisms
involving mitochondrial injury. To further demonstrate that
reduction of HSS levels is one of the major factors that
leads to apoptosis in NAFLD, we first confirmed an model
of cellular steatosis by incubating BEL-7402 cells with PA

Fig. 4 Expression of HSS protein and mRNA by western blot and
real-time PCR. a The level of HSS mRNA was normalised to 18S
rRNA level and this ratio was set to 100% in the control. b The level
of HSS protein was normalised to GAPDH protein level, and this ratio
was set to 100% in the control. The positive control came from HSS-
transfected HepG2 cell. Data are expressed as mean±SD of ten
animals in each group. *P<0.05; **P<0.01 vs. the control group

1212 J Mol Med (2011) 89:1207–1217



in medium containing BSA as previously reported [26, 27].
As shown in Fig. 5a, intracellular lipid vacuoles visible
under confocal microscope were confirmed by Nile red
staining. Next, we tried to increase intracellular HSS
expression by HSS-bearing plasmid transfection to ascertain
whether anti-apoptotic effects against fatty acid was
subsequently raised. HSS expression in the cells transfected
with the HSS-bearing plasmid was much higher than cells
treated with the control vector (data not shown). Fig. 5b
showed that apoptosis induced by PA treatment (200 or
400 μM) was clearly visible in vector-transfected cells by
Hochest staining. However, the apoptosis seemed to
decrease in the HSS-overexpressing cells. Moreover, the
apoptotic ratio as analysis with flow cytometry was reduced
approximately 32% (200 μM PA induced) or 45% (400 μM
PA induced) in HSS-overexpressing cells compared with the
vector-transfected cells (P<0.05), implying a protective
effect of HSS against apoptosis (Fig. 5c). Control analysis
of BSA-induced apoptosis was shown in S-Fig. 2 of the
ESM. To further understand the mechanism by which HSS
expression was able to resist apoptotic injury induced by
fatty acids, caspase-3 enzymatic activity and Cyt c leakage
were detected by an enzyme-linked immunosorbent assay
and western blot, respectively. As shown in Fig. 5d, PA
treatment resulted in caspase-3 activation in vector-
transfected cells (as control). However, the enzymatic
activity of HSS-overexpressing cells was greatly reduced
to approximately 50% of the control level (P<0.05).
Likewise, upon PA treatment, Cyt c leakage was signifi-
cantly preserved in HSS-transfected cells as compared with
vector-transfected cells (Fig. 5e).

HSS downregulation and anti-apoptosis induced by fatty
acid

Based upon the data above, upregulation of HSS prevents
liver cell apoptosis caused by PA. We, thus, raised the
question of whether reduction of intracellular HSS could
deteriorate PA-induced apoptosis. If the answer was yes,
this would provide more sound evidence that HSS prevents
lipoapoptosis. Inhibition of HSS expression was achieved
using siRNA. We first verified the efficacy and specificity
of the respective siRNAs to target HSS in BEL-7402 cells.
As demonstrated by western blot, the HSS level in the cells
transfected with the HSS-specific siRNA was much lower
than the cells transfected with a scrambled siRNA (Fig. 6a).
Next, the cells targeted with HSS siRNA were treated with
200 or 400 μM of PA. Treatment of HSS siRNA-transfected
cells with PA did not prevent block apoptosis. As shown in
Fig. 6b, apoptosis rates in the HSS siRNA-transfected cells
seem increased as compared with the scrambled siRNA-
transfected cells (about 20% increase). As control, BSA-
induced apoptosis was considered and the result was shown

in S-Fig. 3 of the ESM. In addition, caspase-3 activity was
greatly increased in the HSS siRNA-transfected cells
(Fig. 6c), suggesting that knockdown of HSS expression
destroyed cellular ability to resist PA-induced damage. As a
result, the mitochondrial Cyt c content in HSS siRNA-
transfected cells also declined when compared with the
scramble transfection (Fig. 6d). These data demonstrate that
cell survival after PA injury is, to some extent, HSS
dependent.

Discussion

There is growing evidence that NASH may be considered a
mitochondrial disease. NASH is characterised by the
impairment of the electron transport chain and oxidative
phosphorylation, as liver tissues are highly dependent on
oxidative metabolism and, therefore, highly vulnerable to
mitochondrial impairment. In addition, it is well established
that mitochondria, apart from acting as cellular ATP
generators, also function in the regulation of cell death.
Mitochondrial dysfunction is directly and indirectly in-
volved in cell death, including apoptosis, and a variety of
other pathological states.

The present study demonstrated that rats fed a high-fat
diet for a few months showed typical hepatic lesions and a
high rate of hepatocellular apoptosis. Additionally, the
activation of apoptosis-related enzymes, such as caspase-
3, increased leakage of mitochondrial Cyt c and depletion
of mitochondrial ATP also prove that apoptosis plays an
important role in the pathogenesis and development of
NASH. Our results, which showed that a high-fat diet could
induce apoptosis, were also in agreement with findings
from both human studies of NASH patients [3] and animal
NASH models induced by feeding a methionine- and
choline-deficient diet or a liquid high-fat diet [30, 31].
Although hepatocellular apoptosis may occur by mitochon-
drial and/or receptor-mediated pathways, the relationship of
HSS and apoptosis had not been examined during NAFLD
development and progression.

HSS was originally described as a hepatrophic factor that
promotes liver regeneration. However, it has been reported
that HSS is able to rescue acute liver failure by inhibition of
hepatic natural killer cell activation [32]. Therapeutically, the
administration of exogenous HSS protein stimulated hepa-
tocyte proliferation [33] and reversed experimental hepatic
fibrosis [21]. These results indicate that HSS functions not
only as a growth-promoting factor to proliferate hepatocytes
but also as a potential therapeutic agent to protect the liver
from toxic injury [10]. Despite these, it is not yet clear
whether HSS is associated with mechanisms of NAFLD
development and progression. Therefore, we surmised that it
would be of interest to study HSS expression in the liver of
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Fig. 5 Detection of palmitic acid (PA)-induced apoptosis. BEL-7402
cells were transfected with HSS plasmid (HSS-Tr) or control vector
(Vector-Tr). a Intracellular lipid accumulation was assessed with Nile
red staining under fluorescent photomicrographs; 200/400 μM PA-
induced steatosis of BEL-7402 cells exhibit numerous small discrete
bodies distributed throughout the cytoplasm (objective lens, ×63). b
Cellular apoptosis (arrowhead) induced by 200/400 μM PA was
assessed by Hoechst 33342 staining. c Cellular apoptosis induced by

200/400 μM PA was analysed by flow cytometry. Data are expressed
as means±SD for each experiment. d Cell caspase-3 activity induced
by 200/400 μM PA for 20 h was determined by ELISA. Data are
expressed as means±SD for each experiment. e Western blot analysis
of mitochondrial Cyt c and cytosol Cyt c. Mitochondria were isolated,
and 15 μg of each sample were loaded. VDAC served as a loading
control. All data presented here are representative of three separate
experiments with consistent results. *P<0.05 vs. Vector-Tr group
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Fig. 6 Influence of knockdown HSS on lipoapoptosis. BEL-7402
cells were transfected with HSS siRNA, and apoptosis induced by
200/400 μM PA was detected using the following methods. a BEL-
7402 cells were transfected with HSS siRNA (HSS-siRNA) or
scrambled siRNA (scrambled). Cellular proteins were extracted 48 h
after transfection and separated by 12% SDS-PAGE for immunoblot

analysis. GAPDH served as a loading control. Data were quantified by
densiometric scanning and are presented as mean±SD for three
independent experiments. b Cell apoptosis induced by 200/400 μM
PA was analysed by flow cytometry. c Caspase-3 activity was
determined by ELISA. d Mitochondrial and cytosol Cyt c contents
measured with western blot. *P<0.05 vs. scrambled group

J Mol Med (2011) 89:1207–1217 1215



rats with NAFLD. The present study showed that a band of
23 kD form of HSS was visible in protein preparations of rat
livers (Fig. 4b). The immunohistochemical staining demon-
strated that HSS was mainly expressed in hepatocytes and
cholangiocytes of liver (S-Fig. 4 of the ESM). Our present
study revealed that both HSS mRNA and protein levels were
downregulated in the rats with NAFLD induced by high-fat
diet (Fig. 4). However, Thasler et al. reported that HSS was
upregulated in cirrhosis, hepatocellular carcinoma or chol-
angiocellular carcinoma [20]. The inconsistency of HSS
expression in two kinds of liver diseases is probably due to
different pathogenesis attributed to the diseases. In hepatic
carcinoma, HSS might act as a growth-promoting substance;
therefore, it might be reasonable to see the increase of HSS
in hepatocarcinoma. While in NASH, excessive fatty acid
deposition within liver and consequent lipotoxicity to
hepatocytes were considered to be prominent pathogenesis.
Apoptosis appears to be one of the important events to the
pathogenesis of lipotoxic injury in the liver [34]. In response
to lipotoxic and apoptotic injury to liver, a number of factors
such as anti-oxidative enzymes or anti-apoptotic genes are
modulated to protect the liver cells. If the injury sustained,
superoxide dismutase, glutathione peroxidase and catalase
activities might be decreased as a result of depletion (S-Fig. 5
in the ESM). Whether HSS, as one kind of sulfhydryl
oxidase, participates in anti-oxidation during NASH and
thereby its content in liver is probably depleted, remain
uncertain. Subsequently, we attempt to see if HSS down-
regulation might result from PA lipotoxicity. However, the
data in S-Fig. 6 of the ESM suggest that HSS down-
regulation seems to be not directly affected by PA damage.
Unquestionably, further extensive investigations are abso-
lutely required to unmask the mechanism of HSS down-
regulation in NASH.

Recent studies [22, 35] also provide evidence of ALR’s
role as an intracellular survival factor for hepatocytes.
Studies show that ALR is critically important for the
survival of hepatocytes due to its association with mito-
chondria and regulation of ATP synthesis within hepato-
cytes. ALR depletion caused apoptosis and necrosis of
hepatocytes. Over-expression of ALR significantly in-
creased mitochondrial membrane potential, inhibited Cyt c
release, and opposed the loss of intracellular ATP levels
after radiation. Knockdown of ALR by siRNA resulted in
decreased viability in the absence of exogenously added
oxidative stress and radiation sensitisation in HepG2 cells.
Our previous study demonstrated that the protective effect
of HSS in hepatoma apoptosis induced by H2O2 may be
associated with a blockade of the mitochondrial permeabil-
ity transition pore [23].

In this study, we demonstrated that, with increasing
apoptosis rates, anti-apoptotic Bcl-2 or Bcl-xl, Cyt c content
and ATP content in liver mitochondrial compartments were

all decreased during NASH development and progression
(S-Fig. 1 in the ESM; Fig. 3). All of these data implied that
HSS protection against apoptosis was severely impaired as
NAFLD progressed. Although this experiment was unable
to provide further in vivo data by introducing the HSS
transgenic model to see if apoptosis was subsequently
blocked, we can infer a likely explanation from our in vitro
results. It may be that diffuse hepatocellular fatty change
leads to HSS downregulation. These probably results in
opening of the mitochondrial permeability transition pore,
release of apoptosis-stimulating compounds from the
mitochondria (such as Cyt c), activation of pro-caspases
(such as cleaved caspase-3) and apoptosis and reduced ATP
synthesis. All of these data supported our results in vivo.

Next, we wanted to determine if HSS was associated
with apoptosis induced by fatty acid in vitro. It was proven
that PA was able to induce liver damage that resembles
NAFLD in human and was characterised by increasing
caspase-3 activity and prominent apoptosis [3]. Then, we
altered the HSS expression levels in BEL-7402 hepatocytes
either by transfection with an HSS-expressing plasmid or
an HSS mRNA interference (RNAi) plasmid. As a result,
HSS over-expression caused significantly decreased apo-
ptosis rates and caspase-3 activity in the PA-treated cells
while HSS RNAi resulted in an increase in apoptosis rates
and caspase-3 activity. HSS over-expression also signifi-
cantly preserved the Cyt c content of mitochondria in the
PA-treated cells, while HSS RNAi resulted in a decrease in
mitochondrial Cyt c content. In addition, we have demon-
strated that HSS protects liver cells from PA-induced
apoptosis in vitro by decreasing GRP78, a marker of
endoplasmic reticulum stress (data not shown). Taking
together, we predict that anti-apoptotic effect of HSS in
vitro probably relies not only on its prevention on onset of
mitochondrial permeability transition but also relates to its
eventual inhibition of endoplasmic reticulum stress.

In summary, our present study shows that HSS was
downregulated and hepatocellular apoptosis was increased
in rats with high-fat diet-induced NASH. We show that
hepatic apoptosis in NASH rats may be associated with a
low HSS protein level. This mechanism, which is associ-
ated with a high rate of apoptosis and sustained anti-
oxidative response, could result in reduced HSS in the
livers of rats with NASH. The results provide evidence that
HSS is an anti-apoptotic factor during liver injury second-
ary to NASH. The current data obtained from our experi-
ments might also provide useful information regarding
potential molecular targets for NAFLD prevention and
treatment.
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