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Abstract:

The aim of the present investigation was to study the events associated with palmitic acid induced
metabolic and lipotoxic changes in human hepatoma cells (Hep3B, Huh7 and HepG2). The cells were
lipid overloaded with varied concentrations of saturated fatty acid (Palmitic acid). It was observed that
(a) SFA induced significant metabolic changes including CD36/FAT, SREBP1, PPARy and SCD1
upregulation and decreased Mitp levels in HepG2 and Huh7 cells but not in Hep3B cells. (b) the toxic
manifestations including changes in Ca®" levels, mitochondrial dysfunction and activation of PERK-
elF2a-CHOP pathway due to SFA were more pronounced in Huh7 and Hep3B as compared to HepG2
cells; (c) induction of CYP2E1 and oxidative stress by SFA was observed in all three hepatoma cells.
Interestingly, CYP2E1 over expressing cells (E47 cells) were found to be significantly sensitized
towards lipotoxicity; and (d) Metabolic and toxic manifestations including altered blood biochemistry,
ER stress and CYP2E] induction were evident in C57BL/6J mice fed with a diet rich in cholesterol and
saturated fatty acids (2%-cholesterol/12% SFA-HC/HF) for 16 weeks (model used to confirm the key
events taking place in in vitro system). Histopathological analysis of livers of HC/HF fed mice showed
micro and macro-vesicular steatosis, hepatocyte ballooning, infiltration of neutrophils and prominence
of Kupffer cells. In conclusion our data suggests that Palmitic acid alters lipid metabolism, causes
oxidative stress and disturbs intracellular Ca*" balance that terminates in CYP 2E1 induction, ER stress

and lipoapoptosis.
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Abbreviations:

NAFLD: Non Alcoholic Fatty Liver Disease,

NASH: Non Alcoholic steatohepatitis

SFA: Saturated fatty acids

SREBP1:  Sterol Regulatory Element Binding Protein 1
PERK: PKR like ER Kinase

CYP2E1l: Cytochrome P 2E1

A¥m: Mitochondrial membrane potential

GRP78: Glucose regulated protein 78
GADD34:  Growth arrest and DNA damage 34

CHOP: C/EBP homologous protein

PUMA: P53 upregulated modulator of apoptosis
Mttp: Microsomal triglyceride transport protein
SCD1: Stearoyl CoA desaturase 1

CD36/FAT: Fatty acid Translocase
CYP2EL1: Cytochrome 450 2E1
ROS: Reactive oxygen species
HC/HF: High cholesterol and High Fat
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Introduction

Prevalence of non-alcoholic fatty liver disease (NAFLD) has been on an inclined trajectory with the rise in
obesity and has been found to be affecting about 50% of individuals in some populations.' Non alcoholic
steatohepatitis (NASH), an advanced stage of NAFLD has emerged as third most common cause of liver
transplantation in United States of America.” NAFLD can progress to cirrhosis and liver failure in 3% to 15%
cases and there have been emerging reports of a significant proportion of HCC cases in settings of NAFLD.?
Despite the high prevalence of NAFLD and its serious complications the underling molecular events that
implicate lipotoxicity remain poorly understood and need further investigation.

The basic events involved in the pathogenesis of NAFLD are the increased activity of SREBP-1, ChREBP-1 and
PPARYy, elevated ROS production, increased fatty acid influx, suppressed fatty acid oxidation due to CPT-1
inhibition and altered lipoprotein assembly and secretion.* Lipid droplet formation and the subsequent
lipotoxicity result from alterations in multiple cellular events but are far from clear. Many recent studies have
shown that saturated fatty acids caused greater lipotoxicity than unsaturated fatty acids and it has been shown
that partitioning of fatty acids between saturated and unsaturated determines the lipotoxicity.” The uptake and
synthesis of fatty acids is considered as one of the important cellular steps in the pathogenesis of NAFLD and is
controlled by specific transporters such as CD36, fatty acid binding protein (FABP) and fatty acid transport
protein (FATP). In NASH patients, it has been reported that apoptosis is associated with CD36/fatty acid
Translocase upregulation,® clearly implicating that impaired or increased influx of free fatty acids across
hepatocytes is involved in the pathogenesis of NAFLD. Increased influx of fatty acids and glucose is associated
with increased lipid droplet formation, oxidative stress and induction of CYP2E1.”” However the molecular
events underlying these events remain poorly understood and often controversial.

Deleterious effects of CYP2EI leads to mitochondrial dysfunctioning and cellular demise.'’ Mitochondrial
damage represents a common early event in cellular injury caused by free fatty acids that is manifested by
oxidative stress, decrease in A¥Wm followed by ATP depletion and bioenergetic failure.'' Depletion of
intracellular calcium stores due to oxidative stress has been linked to cytoskeleton network disruption and
activation of catabolic enzymes leading to cell death.'"' Further Palmitic acid induces ER stress and
lipoapoptosis in hypothalamic neurons via c-Jun N-terminal kinase (JNK) dependent pathway.'? SFA are known
to induce the transcription factor CCAAT/enhancer binding homologous protein (CHOP/GADD153) in liver

cells that mediates the cellular demise by regulating the death receptor DR5 and BH3 only protein Bim."* ' It
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remains elusive what causes ER stress and whether ER stress contributes to hepatocyte steatosis and leads to
development of metabolic disorders or it is an adaptive response to restore hepatocyte function. The three
important human liver derived cells based models to study molecular mechanism of lipotoxicity are HepGZ,15
Huh-7 and Hep3B.'® The animal and cell culture based models of lipotoxicity, that have been developed and
used in recent years to unravel the molecular mechanisms involved in implicating the lipotoxicity, only mimic
certain disease aspects and markedly differ in regards to the degree of hepatocellular damage and metabolic
alterations associated with the development of the disease.'” The aim of the present investigation was to evaluate
several cellular and molecular aspects related to metabolic changes and toxic manifestations induced by
saturated fatty acid in human hepatoma cells leading to cellular demise. For this purpose, three human hepatoma
cells (HepG2, Hep3B and Huh7) were exposed to varied concentrations of saturated fatty acid for varied time
periods and cytotoxicity, intracellular Ca®* levels, ROS, ER stress, lipoapoptosis and factors related to lipid
droplet formation and its traffic across hepatocytes were evaluated. Further, individually caged C57BL/6J mice
fed with HC/HF diet (sedentary life style) were employed to confirm the key cellular events with regards to
metabolic alterations and toxic manifestations using biochemical and histological analysis.

This is the first report that suggests the comparative lipotoxic profile of SFA on three different human liver
derived cell types (Hep3B, Huh7 and HepG2) presenting the cellular and molecular hallmarks of lipotoxicity as
evident in clinical NAFLD. Importantly our data suggests the importance of CYP2E1 and metabolic changes
with regards to SCD1, CD36 and microsomal triglyceride transfer protein (Mtfp) as important determinants of

lipotoxicity in NAFLD.

Materials and Methods

Cell Culture and Fatty Acid Treatment:

HepG2 and Hep3B cells were procured from ATCC USA. Huh7 cell line was obtained from Professor Michael
Charlton, Department of Gastroenterology and Hepatology, Mayo Clinic, Rochester, USA. Cells were grown
and maintained in Dulbecco’s Modified Eagle’s Medium containing L-Glutamine, glucose (3.5g/L), 15mM
Hepes, 200U/mL Penicillin, 270pg/mL Streptomycin and 10% (v/v) Fetal bovine serum (FBS), obtained from
Sigma Aldrich, St. Louis, MO at 37°C in a humidified atmosphere of 5% CO,. Two sublines of human
hepatoma HepG2 derived cells as described by Cederbaum (1998) were used, i) E47 cells, which constitutively
express human CYP2E], and ii) C34, which are HepG2 cells transfected with empty pC1 vector (For expression

analysis, refer to Supplement figure II). E47 and C34 cell lines were obtained as a kind gift from Professor
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Arthur I Cederbaum, Department of pharmacology and systems therapeutics, Mount Sinai School of Medicine,
NY USA. For all experiments cells were used at density of 0.7 x 10* cells/96 well plate, 7 x 10° cells/6 well
plate or 1.2 x 10° cells/60mm dish. All the studies were conducted using 70-80% confluent cells, which were
treated with indicated concentrations of Palmitic acid.

Animal Treatment:

Male C57BL/6J mice aged 6-8 weeks were maintained in individual cages (1 mouse/cage for sedentary life,'®)
and had free access to water and standard chow for about one week before the start of experiment. Animals were
randomly divided into two groups (10 animals per group) with one group receiving standard chow and other
group receiving diet containing 12% SFA and 2% Cholesterol (HC/HF) for 4 months (16 weeks). High fructose
corn syrup (HFCS, 42g/L final concentration) was administered in drinking water of HC/HF group (4dnuradha
Krishnan, Tasduq Abdullah, Toafic Mounajjed, Stella Hartono, Andrea L. McConico, Thomas A. White, lan
Lanza, Nathan K. LeBrasseur, K Sreekumaran Nair, Gregory J. Gores, Michael Charlton. Dynamics of Hepatic
Lipid Composition, and Mitochondrial Function during the Evolution of Fast Food-Induced NASH — From the
First Mouthful to Steatofibrosis. Hepatology, Vol 60. No. 4 (Supplement), pp 7324, Abstrace No. 1093, October
2014). The diet was obtained as a kind gift from Professor Michael R Charlton, Mayo Clinic, Rochester USA.
At 4 months, mice were euthanized by CO, inhalation, blood was drawn by cardiac puncture, livers were
excised, cut in pieces and kept for protein extraction as frozen tissue or preserved in 10% formalin for tissue
histochemistry. All the animal procedures were performed according to the guidelines for Animal Care and Use
committee of Indian Institute of Integrative Medicine (CSIR) which reviewed and approved all the protocols.
The detailed composition of diet is presented in supplement Figure 1.

Blood Biochemistry and Pathology Assessment:

Serum glucose, triglycerides and cholesterol were measured using commercially available kits as per the
manufacturer’s instruction (Erba, Mannheim Germany). Insulin ELISA kit (mouse) was obtained from
Millipore, Billerica, MA, USA. Formalin fixed liver sections were embedded in paraffin and sectioned (4um).
Sections were stained with Picro sirus and H&E to examine the general morphology. Slides were assessed by
experienced liver pathologist (Dr. B. C Subash) who was blinded to the study.

FFA-BSA Complex Preparation:

20% stock solution of fatty acid free BSA (A6003, Sigma Aldrich, St. Louis, MO) was prepared by dissolving
750mg of BSA in 3.75 mL PBS (pH 7.4). To begin with, BSA was layered on top of the 2-2.5mL PBS. BSA

was allowed to dissolve on its own (without stirring) at 4°C. The final volume was adjusted to 3.75mL. For
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20mM Palmitic acid solution, 5.6mg of sodium palmitate was added to 1mL water pre-heated to 70°C. The
mixture was incubated at 70°C for 20-30 minutes with constant vortexing. FFA-BSA complex was prepared by
mixing 1mL of 20mM sodium palmitate solution to 3.3 mL of 20% BSA (pre-warmed at 37°C). Complex
formed was immediately added to 15.7mL. DMEM pre-warmed to 37°C. Final solution prepared had 1mM
Palmitic acid. Solution was sterile filtered and remains stable for about one week at 4°C.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay:

In vitro Cytotoxicity test was done to identify the cytotoxic potential of Palmitic acid'’. HepG2, HuH7, Hep3B,
C34 and E47 cells were seeded in 96 well plate and treated with different concentrations of Palmitic acid. After
24 hours medium was removed and the cells were incubated in fresh medium without serum, containing
250ug/mL MTT for 3 hours at 37°C. Cytotoxicity/Cell viability was evaluated by assaying the ability of
mitochondria to catalyze the reduction of thiazolyl blue tetrazolium bromide (MTT) to a formazan salt by
mitochondrial dehydrogenases.

Nile Red Staining:

Nile red, a lipophillic dye was used to assess fat accumulation in hepatocytes. HepG2, HuH7 and Hep3B cells
were treated with different concentrations of Palmitic acid for 24 hours. Cells were washed with PBS and fixed
in Methanol:Acetic acid (3:1) solution overnight at 4°C. Cells were washed and incubated in PBS containing
500ng/mL Nile red (Sigma Aldrich, St. Louis, MO) for 30 minutes at 37°C. Imaging was done by fluorescence
microscope (Nikon TE2000U, Tokyo, Japan) using green filters. For FACS analysis Cells were collected, fixed
in Methanol: Acetic acid (3:1) solution overnight at 4°C and resuspended in PBS containing 500ng/mL Nile red.
Cells were incubated at 37°C for 30 minutes. Analysis was done by BD FACS caliber Flow Cytometer.
Instrument settings were adjusted using unstained cells.

Protein Isolation and Western blotting:

Cells were trypsinised, harvested in PBS (pH 7.4), centrifuged and resuspended in RIPA buffer. After
incubation for 45 minutes at 4°C, lysate was centrifuged at 14,000 rpm for 30 minutes at 4°C to remove cellular
debris. Tissue lysates were prepared by homogenising tissue samples in lysis buffer (SOmM Tris, 150mM NacCl,
ImM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% IGEPAL, 1% protease inhibitor Cocktail). Protein
concentrations were determined by Bradford assay. For western blotting 30-50 pug protein were denatured at
100°C for 3 minutes in Laemmli Buffer. Protein Samples were resolved on 7%-12% SDS gels at 70V. Proteins
were electro-transferred to PVDF membrane (BioRad, Hercules, CA) using BioRad Mini Transblot

Electrophoretic transfer Cell. Membranes were blocked in 5% fat free dry milk in 50mM Tris, pH 8.0 with
7
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150mM sodium chloride, 2.6mM KCI and 0.05% Tween 20 for 2 hours. Rabbit: anti-SREBP1, anti-CD36, anti-
Bcl2, anti-Bim, anti-PARP1, anti-PUMA, anti-GRP78, anti-CHOP/GADD153, anti-ATF4, anti-GADD34,
Goat: anti-Caspase 3, anti-Mttp, (Santa Cruz Biotechnologies, CA), rabbit anti CYP450 2E1 (Calbiochem,
Darmstadt Germany), anti-SCD1 (Cell Signalling Technology, Danvers, MA) mouse anti-f actin (Sigma
Aldrich, St. Louis, MO) antibodies were used as primary antibodies in fat free milk overnight at 4°C. Goat anti-
rabbit, goat anti-mouse and rabbit anti-goat immunoglobulin G antibodies conjugated with HRP (Santa Cruz
Biotechnologies, CA) were used as secondary antibodies. Chemiluminiscence was detected by Immobilon
chemilumniscent HRP substrate (EMD- Millipore, Billerica, MA) and visualised by Molecular Image
ChemiDoc™ XRS" (Bio-Rad, Hercules, CA). Densitometric measurement of the bands was performed using

Image Lab™

software version 3.0 (Bio-Rad, Hercules, CA).

Determination of Reactive Oxygen Species:

ROS assessment was done as described previously.?’ Briefly, HepG2, HuH7 and Hep3B cells were seeded in 6
well plates. After corresponding treatments for 24 hours, cells were washed three times with PBS and fresh
medium containing 5uM H,DCF-DA was added. Cells were incubated for 30 minutes at 37°C. Cells were again
washed three times with PBS and imaged under a thin film of PBS. Imaging was done by fluorescence
microscopy (Nikon TE 2000U, Tokyo, Japan) using green filters.

Intracellular Ca* release and A¥m study:

Fluo3 AM, a Ca®" probe was used to measure intracellular Ca®" in hepatocytes. Cells were grown on sterilised
cover slips. After Corresponding treatment of Palmitic acid for 4 hours, fresh medium containing 5uM Fluo3
AM was added. Cells were incubated for 30 minutes at 37°C and 5% CO,. Cells were washed three times with
PBS (pre warmed at 37°C) and slides were prepared for Confocal microscopy and imaging was done using laser
scanning Confocal microscope (Olympus FluoView FV 1000) with 488 laser line as described.?’ For A¥m
study cells were stained with JC-1(5pg/mL) and imaging of cells was done according to an established
protocol.”? Briefly, cells were cultured on sterile cover slips. At about 50-60% Confluence cells were treated
with different concentrations of Palmitic acid. After 12 hours fresh medium pre warmed to 37°C containing
5ug/mL JC-1 (Sigma Aldrich, St. Louis, MO) was added to cells and incubated for 30 minutes at 37°C in a CO,
incubator. Medium was removed and cells were washed three times with PBS (pre warmed at 37°C). Cover slips
were mounted on slides, sealed and imaging was done using laser scanning Confocal microscope (Olympus
FluoView FV1000) with excitation at 488nm and dual emission at 525/590nm for red/green fluorescence

respectively.
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Statistical analysis.

Data are presented as mean +SD from three independent experiments. Statistical comparisons between the
groups were determined by using one-way ANOVA followed by Dunnett’s test using Primer of Biostatistics,
version 4.0 (McGraw Hill). p<0.05 was considered as statistically significant.

Results:

Free fatty acid treatment induces hepatic steatosis, lipotoxicity and differential induction of Stearoyl-CoA
desaturase 1 in hepatocytes:

We first confirmed our cell culture models for lipid accumulation by treating HepG2, Hep3B and Huh7 cells
with different concentrations of free fatty acid in DMEM. All the models accumulated lipid droplets. Lipid
droplet (neutral lipids) formation as indicated by yellow gold fluorescence in HepG2 was greater as compared to
Hep3B and Huh7 cells. These results recapitulate lipid accumulation, as an essential feature of SFA treatment
(Figure 1A). The toxicity of Palmitic acid was found to be concentration dependent in all the cell types tested.
Hep3B and Huh?7 cells showed more sensitivity towards free fatty acids as compared to HepG2 Cells. In HepG2
cells treated with 0.25mM and 0.5mM Palmitic acid, the toxicity was 18% and 23% respectively, toxicity was
minimal below 0.25mM of Palmitic acid treatment. Hep3B cells showed significant toxicity of 18%, 26% and
36% at 0.1mM, 0.25mM and 0.5mM respectively. In case of Huh7 cells, the toxicity was 19%, 24% and 32% at
0.1mM, 0.25mM and 0.5mM Palmitic acid respectively (Figure 1B). E47 cells (CYP2E1 over expressing cell
line) showed significantly higher lipotoxicity as compared to its control cell line, C34 (Figure 1C). Mouse
hepatocyte AML12 (normal mouse hepatocyte) was also employed for cell viability evaluation. AML12 also
showed concentration dependent decrease in cell viability. (Supplement Figure II). Oleate was used as non toxic
fatty acid and there was no significant cytotoxic effect of oleate in any of the three cells lines used (data not
shown). HepG2, Huh7 and Hep3B cells were tested for the induction of SCD1 protein on exposure of Palmitic
acid. HepG2 showed almost 2 fold induction of SCD1 at 0.5mM Palmitic acid after 24 hours whileas Hep3B
and Huh7 showed no induction of SCD1 (Figure 1D). SCD1 has been shown to play protective role and is
considered as a potential oncogene and may play role in comparative protection against Palmitic acid in HepG2
cells.

HC/HF mice develop metabolic changes, altered blood biochemistry and liver injury characteristic of
NAFLD and NASH:

Weight gain was significantly (¥*p<0.05) higher in HC/HF mice, compare to mice fed with standard chow over a

period of 16 weeks. HC/HF mice had elevated levels of serum glucose, triglycerides, cholesterol and Insulin at
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16 weeks as compared to SC mice (Figure 1E). The photomicrograph of section of liver from control mice
showed normal lobular architecture whereas HC/HF mice showed micro and macro vesicular steatosis,
ballooned hepatocytes, kupffer cell prominence and inflammation (Figure 1F). Expression of PPARy and CD36
was increased in livers of HC/HF mice as compared to SC mice (Figure 2B). The results from the in vivo model
presented here are to confirm the key events taking place in in vitro system.

SREBP1 and PPARYy Over expression induced by Palmitic acid is associated with CD36 upregulation and
downregulation of M#P leading to impaired influx and efflux of fat in hepatocytes.

Transcription factors SREBP1 and PPARY responsible for lipogenesis were upregulated in Palmitic acid treated
hepatocytes. Protein expression studies showed little significant change in levels of SREBP1 and CD36 in Huh?7
at 0.25mM. The decrease in protein levels above 0.25mM can be attributed to cytotoxicity induced by palmitic
acid. Hep3B cells does not show any significant change even at 0.25mM in these metabolic players, whileas
HepG2 cells showing good amount of change in these metabolic players. The cells showed almost two fold
increase in spliced form of SREBP1 at 0.5mM Palmitic acid treatment group and 1.5 fold increase in CD36
levels. PPARY levels were also increased in Palmitic acid treated cells, although not as significant as SREBP1.
Further western blotting results of M#p revealed a significant and concentration dependent decrease in Mtfp
levels. Quantitatively, protein levels of Mtfp decreased by 1.3 fold and 1.8 fold at 0.5mM and 1mM Palmitic
acid in Huh7 whileas HepG2 showed 1.2 and 1.9 fold decrease respectively (Figure 2A).

Intracellular Ca”" levels in In vitro models and generation of Endoplasmic reticulum stress in hepatocytes
and HC/HF mice:

As mentioned above in the cell viability results, HepG2 was comparatively resistant to palmitic acid
lipotoxicity, we decided to study the majority of lipotoxic parameters in Hep3B and Huh7 only. Confocal
microscopy results reveal that Palmitic acid treatment in Hep3B and Huh7 cells caused a concentration
dependent increase in intracellular Ca®" levels (Figure 3A). ER stress was evident, as main players of UPR were
upregulated as revealed by the expression of ATF4, CHOP/GADD153 and GADD34. Huh7 cells showed 3 fold
increase in CHOP levels at 0.5mM Palmitic acid and 1.7 fold increase in ATF4 after12 hours of Palmitic acid
exposure whereas Hep3B cells showed 1.6 and 1.4 fold increase in CHOP and ATF4 levels respectively. HepG2
cells showed no significant difference in these proteins between control and treated cells (data not shown).
Endoplasmic reticulum stress was evident in HC/HF mice as markers of ER stress were upregulated. GRP78
increased by 3 fold whereas CHOP/GADD153 increased by 1.4 fold in livers of HC/HF mice as compared to SC

mice (Figure 2B, 3B and 3C). The decrease in the levels of proteins can again be attributed to cytotoxic effects

10
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of Palmitic acid (eg: at 1mM palmitic acid, HuH7 cells showed almost 55-60% cytotoxicity). Thapsigargin was
used as positive control to induce ER stress, although the impact was little. Since ER stress plays important role
in cell death, we tried to study effect of inhibition of ER stress by a chemical chaperone, 4 phenylbutyric acid on
cell viability in palmitate treated cells. The results showed that pre treatment of 4PBA in palmitate treated cells
significantly restored the cellular viability in palmitate treated cells (40-50% restoration). These results clearly
show that ER stress developed due to imbalance in Ca*" homeostasis in palmitate treated cells does play
important role in cell death.

Palmitic acid induced Loss of Mitochondrial membrane potential:

Exposure of cells to Palmitic acid induced marked change in A¥m as evident by disappearance of red
fluorescence in most of the cells. At ImM Palmitic acid, significant cell population was found to be devoid of
red fluorescence which indicates the loss of AYm and severity of the damage. Treatment of cells with
Camptothecin (used as positive control) increased green fluorescence and mitochondria were seen as clusters.
Loss of AYm in HepG2 cells was associated with significant vacuolisation of cytoplasm and nuclear
condensation thus giving an insight that Type II cell death (Autophagy) precedes Type I cell death (apoptosis) in
HepG2 cells upon exposure to Palmitic acid (Figure 4). These results clearly reveal that mitochondrial
permeability transition induced by Palmitic acid collapses the electrochemical gradient across the mitochondrial
membrane as measured by A¥Ym.

CYP2E1 induction, Oxidative stress and lipoapoptosis:

There was an increased induction of CYP2E1 levels on exposure to Palmitic acid for 24 hours. CYP2EI levels
showed 1.4 fold increase at 0.25mM Palmitic acid in Hep3B cells whereas HepG2 cells showed 1.3 and 1.7 fold
increase in CYP2EI levels at 0.25mM and 0.5mM Palmitic acid respectively. Huh7 cells showed almost 3 fold
increase of CYP2EI levels at 0.25mM and 0.5mM Palmitic acid. No further significant change was observed in
Hep3B cells at 0.5mM and higher concentrations of Palmitic acid. Livers of HC/HF mice showed 1.4 fold
increased expression of CYP2E1 as compared to mice fed with SC (Figure 5). Fluorescence microscopy results
show increased amount of intracellular ROS as demonstrated by increased fluorescence in all cell types after
treatment with different concentrations of Palmitic acid (Figure 5). Further molecular players controlling
antioxidant defence/response system within cells were studied by western blotting in Huh7 cells. The results
clearly revealed impairment in the system as important proteins like Nrf2 and SOD1 were downregulated due to
palmitate treatment. However, expression of Catalase showed no significant change. There are enough previous

reports suggestive of the fact that free fatty acids lead to cell death in a caspase dependent manner.” '** We
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also performed immunoblotting and results clearly reveal apoptosis as determined by the PARP1/2 cleavage in
Palmitic acid treated Hep3B and Huh7 cells. Anti-apoptotic Bcl-2 down regulation and upregulation of pro-
apoptotic PUMA was also evident in these cells (Figure 6). There was no change in PUMA in Hep3B as the
cells are P53 null. (data not shown). Furthermore, PARP1 cleavage and cell death induced by Palmitic acid were
also analysed and confirmed in non transformed cell line, AML12. (Supplement Figure IT).

Discussion:

Principal findings of study relate to the mechanisms linking increased influx of free fatty acids into hepatocytes
to lipotoxicity and cellular demise. The results of present study demonstrated that exposure of hepatocytes
(HepG2, Huh-7 and Hep3B) to SFA induces overexpression of SREBP1 and CD36 causing increased influx of
fatty acids into hepatocytes which is further associated with decreased levels of MtP causing decreased hepatic
lipid clearance. Further SFA treatment to hepatocytes resulted in emptying of ER Ca”" stores and hence inducing
ER stress which is further associated with generation of reactive oxygen species, increased CYP2EI levels and
loss of mitochondrial membrane potential, thereby starting a cascade leading to caspase activation and finally
lipoapoptosis. The /n vivo study revealed that mice exposed to HC/HF for a period of 16 weeks develop a broad
spectrum of NAFLD related metabolic and histological changes including micro and macro vesicular steatosis,
hepatocyte ballooning, foci of steatohepatitis, prominence of kupffer cells, ER stress and CYP450 2E1
induction.

Our cell culture models of lipotoxicity showed significant steatosis and lipotoxicity in hepatocytes (Figure 1A,
1B and 1C). Hep3B and Huh7 showed more sensitivity towards lipotoxic effects of Palmitic acid as compared to
HepG?2 cells. This degree of protection in HepG2 in comparison to Hep3B and Huh7 may be attributed to the
Stearoyl-CoA desaturase 1 (Figure 1D) which is protective in nature’* and plays important role in hepatic lipid
partitioning and liver damage in NAFLD.’ Molecular events that result in the intrahepatic lipid accumulation
and growth of lipid droplets are poorly understood, but may arise from several reasons like increased uptake,
elevated de nova synthesis, reduced fatty acid oxidation and/or diminished efflux involving impaired lipoprotein
synthesis or secretion.”>** Increased expression/activity of nuclear receptor PPARy is germane to the growth of
lipid droplets and is physiologically stimulated by fatty acids.* Our data clearly shows that Palmitic acid
exposure to HepG2 cells resulted in increased expression of PPARy coinciding with increased activity of
SREBP1 (Figure 2A). This results in increased lipogenesis and lipid accumulation in hepatocytes. Upregulation
of PPARy and SREBP1 was found to be associated with increased expression of CD36 resulting in enhanced

uptake of fatty acid by hepatocytes. As fat accumulation sets in, hepatocytes transport excessive lipids into

12
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mitochondria for B-oxidation or arranges for its removal as lipoprotein complex. Very low density lipoprotein
(VLDL) is one of the five major groups of lipoproteins that facilitate hepatic lipid clearance. VLDL synthesis
depends on the Microsomal triglyceride transport protein (M#fP) activity.”” Inhibition of activity of M#P has
been considered as one of the contributing factors to lipid accumulation in alcoholic steatosis,”® hepatitis C
related steatosis® and drug induced steatosis.’® Therefore M#P is one of the risk factors for development of
steatosis and NASH. Our immunoblotting results showed concentration dependent decrease in M#«P levels,
suggesting the role of M#P in development of Palmitic acid induced fat accumulation in hepatocytes (Figure
2A). These results clearly reveal that Palmitic acid induces upregulation of PPARy, SREBP1 and CD36 and
downregulation of M#P. Collectively there is an increased uptake of fatty acids, lipid droplet formation and
failure of VLDL to assemble. This results in retention of lipids in hepatocytes (steatosis). All these events lead
to development of ‘first hit’ (fat accumulation) and herein experimentally demonstrated in HepG2 cells. It is
worth mentioning that Hep3B and Huh7 cells do not show any significant change in SREBP1 and CD36
proteins as compared to HepG2 cells but show more pronounced toxic manifestations. This suggests that HepG2
can be a good model to study lipid metabolic studies whileas Hep3B and Huh7 can be employed in
lipoapoptotic studies due to SFA exposure. Further livers of HC/HF mice had increased expression PPARy and
CD36 and NAFLD/NASH characteristics as mentioned above (FigurelE, 1F and 2B). These results clearly
showed that metabolic changes as observed in clinical NASH could be reproduced in In vitro as well as In vivo
model of lipotoxicity.

Endoplasmic reticulum is a signalling organelle possessing ability to release sequestered Ca®" ions through ion
channels that respond to various stimuli.’’ Disruption in the Ca®” homeostasis within ER lumen causes protein
unfolding and misfolding, triggering an evolutionary conserved response to maintain homeostasis known as
Unfolded Protein Response (UPR). If homeostasis cannot be re-established, cell death is triggered.*” ER stress
has been linked to PUMA induction during SFA mediated lipotoxicity.*® Plethoric evidence exist regarding SFA
induced ER stress but underlying cause and mechanisms remains elusive. We tried to answer the question and
our results link SFA induced ER stress to disturbance of Ca®" homeostasis in ER lumen leading to activation of
UPR. Confocal microscopy results revealed increase in intracellular Ca® levels, as a consequence of Palmitic
acid exposure (Figure 3). Since ER is the major Ca®* pool in the cell and there are evidences suggesting that the
Ca®" pools within a cell can be functionally heterogeneous, however it is ER or the sub-fractions thereof, which
constitute a highly significant portion of Ca*"-pools of the cell and functions to provide the source of cytosolic

Ca’" signals.** Disruption of Ca®" homeostasis in ER lumen leads to Ca®" overload in cytoplasm and activation
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of PERK-elF20-CHOP pathway (Figure 3). ER stress markers GRP78 and CHOP/GADDI153 were also
upregulated in livers of HC/HF mice. Further Palmitic acid was shown to induce loss of AYm (Figure 4). Both
processes are related: mitochondria posses large ability for Ca*" uptake which is carried out by potential-driven
calcium uniporters and Ca’" uptake into mitochondria consumes membrane potential and produces
depolarisation.'" As Ca®" overload is related to mitochondrial dysfunction, it is the disturbances in Ca*"
homeostasis that caused the loss of AYm. Hence a link has been drawn between ER stress and mitochondrial
dysfunction. Our results clearly reveal Ca*" overload in cytoplasm and disruption of A¥m in Palmitic acid
treated cells (Hep3B and Huh7). However, HepG2 cells remained relatively protected against SFA induced ER
stress and hence lipoapoptosis. This can be credited to the efficient ability of HepG2 cells to convert SFA to less
toxic unsaturated fatty acids, due to a significant induction of SCD-1 in HepG2 cells compared to Huh7 and
Hep3B.

In alcoholic and obese subject, levels of CYP2E1 are found to be elevated resulting in high ROS production and
mild to moderate cellular injury. When these subjects are exposed to xenobiotics that are metabolised by
CYP2EI, cellular injury worsens due to overproduction of ROS and reactive metabolites.'” Our results show
elevated levels of both CYP2E1 and ROS in Palmitic acid treated cells (Figure 5). So Palmitic acid treatment in
hepatocytes results in development of oxidative burden and disturbance of redox balance leading to ROS
accumulation, downregulation of anti-oxidant defence/response element and release of inflammatory cytokines,
a second hit (confirmed by IL-6 release, Supplement Figure III). CYP2E1 regulates the oxidative burden and
has been shown to play important role in the carcinogenesis.”> Present result shows the induction of CYP2EI
both in In vitro conditions (HepG2, Huh7 and Hep3B) and in livers of HC/HF mice, which may play role in the
development of hepatocellular carcinoma and also distinguishes steatohepatitis from simple steatosis in NAFLD
patients.’®  Previous studies have shown that CYP2E1 over expression potentiates the cellular injury on
exposure to drugs or toxins.'” *” Our study provides the evidence that CYP2E] over expression worsens the
cellular injury and hastens the cellular damage due to Palmitic acid exposure as shown by enhanced toxicity in
EA47 cells as compared to C34 cells (Figure 1). Taken together, our results clearly show, CYP2E], is a potential
marker for lipotoxicity and steatohepatitis in both In vitro and In vivo conditions.

Finally apoptotic parameters (Figure 6) were studied and results clearly show induction of mitochondrial outer
membrane permeabilisation (MOMP) due to Palmitic acid treatment and most probably due to CYP2E1 and
increased Ca”" that leads to the emergence of pro-apoptotic mediators in the cytosol starting a cascade of events

that leads to cell death.
14
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In summary current study provides an insight and uncovers a pathogenic link between nutritional intake (hepatic
lipid overloading) and liver injury and confirms a role of cellular disparity in various cell based models of
lipotoxicity. The present results support use of multiple models to study lipotoxicity and associates increased
influx of free fatty acids with increased intracellular Ca** levels, CYP2E1, ER stress and cascade of events
within the cell leading to lipid droplet formation and cellular death (Figure 7). Further HC/HF diet has been
shown to provide the pathopysiological disturbances mimicking human NASH. Our study demonstrated that
combinatorial effects of cholesterol, saturated fatty acids, high fructose corn syrup and sedentary lifestyle
without any genetic manipulation or use of toxin in C57BL/6J mice sufficiently replicates the features seen in
human disease. So based on the findings in this study, we propose that SCD1, Mttp and CYP2E! as important
determinants of lipotoxicity and disease progression in NAFLD. Further, on the basis of data derived from
various hepatoma cells (HepG2, Huh7 and Hep3B) used, we are of the opinion that HepG2 is a better model to
address the lipid droplet formation (steatosis) and metabolic parameters whileas Huh7 and Hep3B are better
models to study toxic manifestations due to SFA exposure. Since there is no drug available to treat the NAFLD,
therefore it is very important to restrict the calorie intake and increase physical movement to prevent the
accumulation of fat in liver and further fibrosisng of NAFLD. Also CYP2E! inhibitors and curbing of metabolic
changes with respect to SCD1 and M#P could be tried for the management of lipotoxicity. A greater
understanding of the complex inter-relation between molecular players may lead to development of

pharmacologic agents that can curb the disease progression.
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Legends to figures:

Figure 1:

Fat accumulation, Cytotoxicity and NAFLD characteristic in hepatocytes and HC/HF mice: A: Nile red
staining. B: The Cytotoxicity/Cell viability as mentioned. An asterisk (*) indicates a statistical difference
(»<0.05) compared with unexposed (Control) cells. C: Palmitate induced lipotoxicity in C34 and E47 cell lines
D: hep3B. Huh7 and HepG2 treated with Palmitic acid for 24 hours showed differential expression of Stearoyl-
CoA desaturasel. E: Increased body weight and altered serum biochemistry in mice fed with HC/HF as
compared to standard chow mice. F: Representative images (100X) of H&E and Picro sirus red stained sections
of liver tissue from SC and HC/HF animals. No steatosis was observed in mice fed with SC. HC/HF mice
showed micro and macro vesicular diffused steatosis, hepatocyte ballooning (indicated by arrows in image B),
infiltration of neutrophils (Steatohepatitis, as indicated by arrows in the image C), prominence of Kupffer cells

(as indicated by arrows in E) and there were little or no signs of signs of collagen deposition.

Figure 2:

Effect of Palmitic acid on the protein expression of SREBP1, CD36, PPARY and Mttp in hepatocytes and
HC/HF mice (Lipid droplet formation machinery): A: Huh7, Hep3B, HepG2 cells were incubated in
presence or absence of Palmitic acid for 24 hours. Whole cell lysates were resolved by SDS-PAGE transferred
to PVDF membrane and immunoblotted with indicated antibodies. Detection of bands was done by enhanced
chemiluminiscence. Graphical data of blots represents the arbitrary units in the intensity of individual bands.
Images shown are representative blots. B: Expression of different proteins in the livers of SC and HC/HF mice.

An asterisk (*) indicates a statistical difference (p<0.05) compared with control

Figure 3: Effect of Palmitic acid on intracellular Ca’ and PERK-eIF2a pathway in hepatocytes: 3A):
Hep3B and Huh7 cells were incubated in presence or abscence of Palmitic acid for 4 hours. Cells were
incubated with S5uM Fluo3-AM for 30 minutes. Cells were washed with PBS and slides were prepared for
Confocal microscopy and imaging was done using laser scanning confocal microscope. Five random
microscopic fields were selected. Images shown are representative. Quantification of intensity was done by
fluoview FV-1000 software. * indicates p<0.05 and is considered as statistically significant. 3B): Huh7 and
Hep3B cells were incubated in presence or absence of Palmitic acid for 12 hours. Thapsigargin was used as
positive control for ER stress induction. Whole cell lysates were resolved by SDS-PAGE transferred to PVDF
membrane and immunoblotted with indicated antibodies. Detection of bands was done by enhanced
chemiluminiscence. Images shown are representative blots. 3C) Bar chart representing the densitometry of
corresponding blots in Hep3B and HuH7. An asterisk (*) indicates a statistical difference (p<0.05) compared
with control. 3D) Cell viability analysis under ER stress inhibited conditions in palmitate treated cells. Cells
were pretreated with 4-Phenylbutyric acid 4 hours prior to palmitate treatment and cellular viability was

assessed after 24 hours by MTT assay.
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Figure 4:
Effect of Palmitic acid on the mitochondrial membrane potential in hepatocytes: JC-1 staining as
mentioned in Materials and Methods section. Five random microscopic fields were selected. Images shown are

representative. An asterisk (*) indicates a statistical difference (p<0.05) compared with control

Figure 5:

Reactive Oxygen Species and CYP2E1 : A: H,DCFH-DA staining as mentioned. B): Intensity measurements
of ROS using ImagelJ software. C & D):Analysis of Anti oxidant defense/response system (ARE) in palmitate
treated cells 24 hour after treatment E & F) :CYP2E1 expression in Hep3B, HepG2 and Huh7 cells 24 hours
post Palmitic acid exposure. G & H): Densitometric analysis of CYP2EI in livers of mice (Control and HC/HF).

* indicates p<0.05 and is considered as statistically significant

Figure 6:

Effect of Palmitic acid on the expression of apoptotic markers in hepatocytes: Huh7, Hep3B and HepG2
cells were incubated in presence or absence of Palmitic acid for 24 hours. Whole cell lysates were resolved by
SDS-PAGE transferred to PVDF membrane and immunoblotted with indicated antibodies. Detection of bands
was done by enhanced chemiluminiscence. Images shown are representative blots. The bar charts represent the

PARP cleavage in Hep3B and HuH7 cells.

Figure 7:
Proposed pathogenic link between fat transport and cellular injury.

Supplement Figure 1:
Detailed composition of high cholesterol and high fat diet used in the in vivo model of NAFLD.

Supplement Figure 2:
CYP2E1 expression C34 and E47 cells and cytotoxicity induced by palmitic acid in AML12 cells

Supplement Figure 3: Supplement Figure 3: IL-6 release in Hep3B cells: () indicates p<0.05 and is

considered as statistically significant
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Figure 2B
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Figure 6
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