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A B S T R A C T

Aims: Hepatic steatosis in women confronting menopause is the manifestation of substantial fructose consumption
and forms a positive feedback loop to develop endoplasmic reticulum (ER) stress. Previously pancreastatin in-
hibitor peptide-8 (PSTi8) and Metformin (Met) combination effectively ameliorated hepatic lipid accumulation in
high fructose diet (HFrD) fed diabetic mice models at reduced doses. Moreover, SIRT-1 plays a crucial role in the
regulation of SREBP-1c. Hence we hypothesized that Met and PSTi8 in combination (at therapeutic lower doses)
could mitigate hepatic steatosis linked ER stress by activating SIRT-1 and precluding SREBP-1c in HFrD fed 4-
Vinylcyclohexenediepoxide (HVCD) induced perimenopausal rats.
Main methods: HVCD rats were fed HFrD for 12 weeks, accompanied by 14 days of treatment with Met, PSTi8, and
combination. We confirmed model establishment by estrus cycle study, estradiol level, and intraperitoneal glucose
tolerance test. Plasma lipid profile and liver function were determined. Also, mRNA and protein expressions were
examined. Moreover, distribution of SIRT-1 and SREBP-1c was detected in HepG2 cells by immunofluorescence
staining.
Key findings: HVCD group displayed augmented insulin resistance (IR), lipogenesis, and ER stress in the liver.
Combination therapy improved the estrus cyclicity, estradiol, and lipid profile of HVCD rats. Met and PSTi8
combination reduced hepatic SREBP-1c and triggered SIRT-1 expression in high fructose-induced insulin-resistant
HepG2 cells; consequently, combination therapy attenuated ER stress.
Significance: Succinctly, present research promotes impetus concerning the remedial impact of Met with PSTi8 at
lower therapeutic doses to ameliorate hepatic IR, steatosis, and associated ER stress by revamping the SIRT-1/
SREBP-1c axis in perimenopausal rats.
1. Introduction

Endoplasmic reticulum (ER), a site for protein folding and calcium
storage, is involved in the biosynthesis of macromolecules such as car-
bohydrates, lipids, and steroids [1]. ER homeostasis is impaired in
response to increased physiological needs impacting its protein folding
capacity, therefore promoting ER stress [2]. Liver cells are enriched in the
ER due to the immense demand for protein synthesis and folding. He-
patocytes are vulnerable to perturbations in ER functioning and the
development of ER stress [3]. ER orchestrates an adaptive unfolded
protein response (UPR) to increase the fidelity of ER folding capacity
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during mild ER stress [4]. Additionally, it has been suggested that ER
stress is associated with altered hepatic lipid metabolism [5, 6]. Besides,
the UPR pathway involving protein kinase PKR like ER kinase (PER-
K)/eukaryotic initiation factor-2 (eIF2α)/ATF4 axis is essential for the
expression of lipogenic genes [7, 8].

Insulin resistance (IR) arises in response to the activation of UPR in ER
stress conditions [9]. It has been reported that hepatic steatosis is
explicitly correlated with IR [10]. Moreover, the p-PERK-p-eIF2α medi-
ated UPR also drives IR [11] during ER stress. Furthermore, Sirtuin-1
(SIRT-1) is a master protein regulating glucose and lipid metabolism in
response to nutrient availability [12, 13]. Liver-specific SIRT-1 knockout
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rodents displayed hepatic steatosis [14]. Additionally, SIRT-1 has been
reported to protect the heart from ER stress by modulating the PER-
K-eIF2α-ATF4 arm of UPR [15]. Consistently, SIRT-1 regulates sterol
response element-binding protein-1C (SREBP-1C) and other lipogenic
gene expressions in liver [16].

Metformin (Met) is the first-line therapy for the treatment of type 2
diabetes and is considered a potent activator of SIRT-1 [17]. Met prevents
hepatic fat accumulation by attenuating the expression of key regulators
of lipogenesis such as SREBP-1C, fatty acid synthase (FAS), acetyl-CoA
carboxylase (ACC) [18]. Additionally, Met inhibited ER stress by inhib-
iting P38MAPK signaling in ovarian granulosa cells [19].

Pancreastatin (PST) is an endogenous peptide that interacts with
glucose-regulated protein (GRP78), which plays an influential role in
regulating ER stress [20]. PST levels has been demonstrated to be
increased by high fructose feeding in mice [21]. We previously
unravelled Pancreastatin inhibitor peptide-8 (PSTi8,
PEGKGEQEHSQQKEEEEEMAV-amide), an inhibitor of PST. It was
evinced that PSTi8 inhibits PST [20]; consequently, it may regulate
GRP78 activity during ER stress, which remains unexplored.

It has been observed that excess dietary fat alone is insufficient to
cause diet-induced obesity and IR [22] in female rodents. Herein, we
have utilized an occupational compound 4-Vinylcyclohexenediepoxide
(VCD) to induce ovarian malfunctioning in female rats during high
fructose feeding to achieve an efficient insulin-resistant model with
impaired hepatic lipid metabolism, which may stimulate ER stress pro-
gression and chronic UPR. There are no existing targeted pharmacolog-
ical alternatives for the treatment of hepatosteatosis. Hence there is an
urgent need for specific pharmacological treatment to restrict liver
steatosis development and associated comorbidities. Moreover, Met and
PSTi8, in combination, may eliminate the paucity of potential thera-
peutic targets by working through different mechanisms and provide
considerable background for the rational combination therapy of these
agents. Additionally, Met and PSTi8 at the lower therapeutic doses pre-
viously ameliorated lipid accumulation in the liver of the high-fat diet fed
diabetic mice model [23]. Therefore, we hypothesized that combination
therapy of Met and PSTi8 in combination at lower therapeutic doses
might ameliorate hepatic steatosis associated ER stress and UPR through
the SIRT-1/SREBP-1c axis in high fructose diet (HFrD) fed/VCD-induced
perimenopausal rats.

2. Materials & methods

2.1. Materials

PSTi8 peptide (PEGKGEQEHSQQKEEEEEMAV-amide) has been
designed by our research group, synthesized and purified by Life Tein
LLC, USA. We obtained 1,1-Dimethylbiguanide HCl (Metformin) from
Alfa Aesar. We purchased Dulbecco's modified eagle medium (DMEM),
trypsin-EDTA, antibiotic-antimycotics, TRIzol, phosphate-buffered sa-
line, stain Oil Red O and Nile Red were purchased from Sigma Aldrich,
St. Louis, USA. We purchased high capacity cDNA reverse transcription
kit, glucose/glucose oxidase assay kit (amplex™ red), SYBR Green qPCR
Kit (DyNAmo Color Flash), Immobilon Chemiluminescent HRP substrate
by Thermo Fisher Scientific, Waltham, USA. RT-qPCR primers were
purchased from Eurofins Scientific, Luxembourg. HFrD (calories (60%)
from fructose, cat. No. D00111301) was obtained from research diets,
Inc, USA. San Diego, USA. Primary antibody GRP78 (ab78432) was
purchased from Abcam 1 Kendall Square, Suite B2304. Cambridge, MA.
Antibodies p-AKT (4058S), pan AKT (4691S), p-IRS (2381P), IRS-1
(2382S) secondary antibody anti-mouse IgG (7076S) were purchased
from Cell Signalling Technology, Denvers. SREBP-1c (AF6283), SIRT-1
(DF6033), p-PERK (Thr-982), PERK (AF5304), p-eIF2α (Ser-51/52)
(AF3087), eIF2α (AF6087), ATF4 (DF6008) were purchased from af-
finity biotech Cincinnati, OH, 45219, USA. Secondary antibody used
goat anti-rabbit IgG HRP linked (HAF008), procured from R&D systems.
For western blotting GAPDH (MAB374) antibody obtained by
2

Merkmillipore, Burlington, USA. We purchased Alexa Fluor 594 (mouse)
from Invitrogen, Waltham, USA.

2.2. Animals

Complete protocols for the entire experiment were permitted by the
Animal Ethics committee (IAEC/2018/F-26.), Council of Scientific and
Industrial Research-Central Drug Research Institute (CSIR-CDRI, Luck-
now, India). We received thirty healthy female (4–6 weeks old) Sprague
Dawley (SD) rats from the National Animal Laboratory Centre of CSIR-
CDRI. Rats were kept at optimum room temperature (24 � 2 �C) and
relative humidity 50–60% with a regular 12-h light/dark cycle (lights on
at 6 a.m. and lights off at 6 pm).

2.3. Experimental model development and study design

After one week of acclimatization, rats were divided into two groups,
including the Control group and HVCD group. Olive oil (1 ml/kg) was
injected as a vehicle in the Control group while VCD (80 mg/kg, 1 mL/kg
of body weight) was injected intraperitoneally in the HVCD group for
consecutive 17 days [24]. Control and HVCD group were fed with a
standard chow diet during VCD treatment, while after completion of VCD
and olive oil administration HVCD group was fed HFrD for 12 weeks.

2.4. Drug administration

Bodyweight alterations were measured during drug administration.
In the 12th week, HVCD rats were randomly divided into 4 groups,
including the HVCD group, HVCD þ Met group, HVCD þ PSTi8 group,
HVCD þ Comb group. We performed intraperitoneal glucose tolerance
test (IPGTT) with Met (150 mg/kg) (Calixto et al., 2013; Salom€aki et al.,
2013), PSTi8 (5 mg/kg) [24] and Comb (Met 75 mg/kg þ PSTi8 2.5
mg/kg) including 2 g/kg glucose load. We found glucose intolerance and
IR concomitant to the cessation of the estrus cycle that manifests VCD
induced ovarian follicle degradation. These findings confirmed the
HFrD-induced dysregulation of lipid and glucose metabolism with
reduced estrogen milieu mimicking perimenopausal conditions.
Furthermore, Met (150 mg/kg) orally, PSTi8 (1 mg/kg) intraperitoneally
and combination (Met 75 mg/kg þ PSTi8 0.5 mg/kg) were administered
for 14 days sequentially in rats, continued on HFrD. We performed IPGTT
following the chronic treatment period to determine the impact of
chronic medicament. Further, rats were euthanized by decapitation, and
plasma samples were separated from the blood collected by retro-orbital
puncture (centrifuged at 3000 g for 10 min). Collected tissues and plasma
samples stored at -80 �C until use.

2.5. Vaginal smears and estrus cycle determination

The estrous cycle stage was determined for ten consecutive days
following 12 weeks of HFrD feeding and after completion of the treat-
ment [25]. Cells were obtained by vaginal lavage on a slide and stained
with the methylene blue stain. The extra stain was washed in running tap
water and visualized under a light microscope. Animals were rated as
anovulatory when they remained in the diestrus phase/metestrus phase
indefinitely.

2.6. Measurement of body composition

Measurement of total lean mass and fat mass of rats were performed
by EchoMRI body composition analyzer (E26-226-RM EchoMRI LLC,
USA), according to the instructions provided [26].

2.7. Intraperitoneal glucose tolerance test

We performed IPGTT following 6 h fasting. Control and HVCD group
rats were administered 0.9 % saline while HVCD þ Met group was



Table 1. List of primers.

rSirt1 F
R

TACCTTGGAGCAGGTTGCAG
GCTTCATGATGGCAAGTGGC

rSrebp1c F
R

ACAAGATTGTGGAGCTCAAGG
TGCGCAAGACAGCAGATTTA

rAcc1 F
R

AGACCCAGTCTACATCCGCT
TGCAAGTCAGCAAACTGCAC
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administered with Met (150 mg/kg) (acute and chronic both), HVCD þ
PSTi8 group was administered with PSTi8 (5 mg/kg) (acute) or PSTi8 1
mg/kg (chronic) [24] and HVCD þ Comb group was administered with
Met 75 mg/kg þ PSTi8 2.5 mg/kg (acute) or Met 75 mg/kg þ PSTi8 0.5
mg/kg (chronic), before 30 min of glucose or insulin administration.
Moreover, blood glucose was estimated at 0, 15, 30, 60, 90, 120min after
glucose (2 g/kg) administration. Graphpad prism software was used to
calculate the area under curve (AUC).
rScd1 F
R

GAAGCGAGCAACCGACAG
GGTGGTCGTGTAGGAACTGG

rFas F
R

GGCCCATTTTGCTGTCAA
TCCACTTGTTGTGCAGTCCT

rCpt1α F
R

GTGAAGCCTTTGGGTGGATA
TCTTTATGCAGGAACCAGTAAGG

rUcp2 F
R

GACTCTGTAAAGCAGTTCTACACCAA
GGGCACCTGTGGTGCTAC
2.8. Detection of serum estradiol level

For the detection of serum estradiol, mice fasted for 6 h, and blood
was withdrawn from the ophthalmic vein. The level of estradiol was
estimated in by ELISA Kit (ELK1208), following the instructions provided
by the kit.
r18s F
R

CGCGGTTCTATTTTGTTGGT
AGTCGGCATCGTTTATGGTC

r: rat; F: forward; R: reverse.
2.9. Plasma lipid profile detection

Plasma HDL-C levels were determined using High-density Lipoprotein
Cholesterol (HDL-C) (E-BC-K221), plasma LDL-C detected by Low-
density Lipoprotein Cholesterol (LDL-C) (E-BC-K205), and plasma tri-
glycerides were detected by Colorimetric assay Kit (E-BC-K238). These
kits were purchased from Elabscience Biotechnology Inc. Texas, USA.
2.10. Determination of liver function test markers

Markers of liver function tests, serum glutamic pyruvic transaminase
(SGPT), serum glutamic oxaloacetic transaminase (SGOT), and alkaline
phosphatase (ALP) were determined in collected serum using assay kits
(Erba Mannheim).
2.11. Liver histopathology

For histopathological analysis of hepatic tissues, neutral buffered
formalin was used to fix liver sections, followed by dehydration with 70,
90, and 100 % ethanol. After xylene treatment, tissue sections were
rehydrated (with ethanol 100%, 70%, 50%) and stained (H & E stain).
We analyzed captured images (20 X magnification (Leica DM-5000)) for
the detection of hepatic steatosis and ballooning [27].
2.12. RNA isolation and qPCR

We utilized the TRIzol method to isolate total RNA from liver tissues.
For RT-qPCR, cDNAwas prepared by cDNA Reverse Transcription kit and
SureCycler 8800 (Agilent Technologies, USA). We used LightCycler 480
Instrument II (Roche Life Science) for RT-qPCR. We used delta Ct values
to determine relative mRNA expression. Sequences of primers used for
this study enlisted in Table 1.
2.13. Immunoblotting

Liver tissue was homogenized in lysis buffer containing protease
inhibitor cocktail and phosphatase inhibitor cocktail at 4 �C. Isolated
protein from liver tissue lysates was used for western blotting. Pri-
mary antibodies used for immunoblotting are SIRT1, SREBP-1c,
phospho-Insulin receptor substrate -1 (p-Ser307) (IRS-1), IRS-1,
phospho-protein kinase B (p-Ser473) (p-AKT), Pan AKT, phospho-
PERK (Thr-982), PERK, phospho-eIF2α (Ser 51/52), eIF2α, GRP78,
ATF4 and GAPDH overnight at 4 �C. Protein bands obtained by myECL
imager of Thermo Fischer Scientific Waltham, USA, were further
normalized with their relevant controls and analyzed by Image J
software (NIH, USA).
3

2.14. Cell culture

HepG2 cell culture (ATCC, Manasses, VA, USA) was maintained in
DMEM low glucose in the presence of 10 % FBS, antibiotics (L-Gluta-
mine-Penicillin-Streptomycin solution), and humid atmosphere of 5 %
CO2 at 37 �C.

2.15. Nile Red and oil red O staining

Lipid accumulation in HepG2 cells was assessed by Nile Red and Oil
Red O staining. Semi confluent cells were incubatedwith fructose (5 mM)
[28, 29] with or without Met 100 μM, PSTi8 200 nM, and combination
(Met 50μM þ PSTi8 100 nM) for 24 h. For Nile Red staining, the media
was removed, washed with PBS twice, incubated with Nile Red stain, and
analyzed by fluorescence microscope (Leica). For Oil Red O staining we
followed the procedure described previously [27]. Furthermore,
following drug treatment, cells were washed with phosphate buffered
saline (PBS) (two times) then cultured cells were incubated with Oil Red
O stain (0.36 % in 60 % isopropanol). The imaging for lipid droplets was
examined in the bright field using the EVOS FL auto microscope (Life
Science Technology) [30].

2.16. Immunofluorescence

We performed immunofluorescence analysis in HepG2 cells following
the protocol established in our lab (Syed et al., 2020). Cells were main-
tained in low glucose media and incubated with fructose (5 mM) with or
without Met 100 μM, PSTi8 200 nM, and combination (Met 50μM þ
PSTi8 100 nM) for 24 h. Following the treatment, the media was removed
and washed with PBS three times. Then, fixation and permeabilization of
cells were done by cold methanol for 30 min. Excess methanol was
removed and washed with PBS thrice. Blocking of cells was done by in-
cubation of cells with 5% BSA for 2 h. Excess BSA was removed and
washed with PBS, followed by incubation in primary antibody (anti-
SIRT1, anti-SREBP-1c) overnight. The primary antibody was retrieved,
washed 5 times with PBS, and treated with species-specific Alexa Fluor
594 for 2 h, the secondary antibody was removed, washed, and DAPI was
added for nucleus staining. Imaging was done under a fluorescence mi-
croscope (Leica).

2.17. Statistical analysis

In the present study, results are displayed as means� SEM. GraphPad
Prism software was used for data analysis. Statistical analysis was per-
formed by using Student's t-tests and one or two-way ANOVA. Bonferroni
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post-test was applied when required. Statistical significance was
considered as p < 0.05.

3. Results

3.1. Experimental design and effect of combination therapy on VCD-
induced perturbed estrous cycle of female rats

Experimental design and drug administration duration has been
depicted in Figure 1a. VCD is an industrial chemical that promotes a
selective loss of primordial follicles in the ovary. Persistent estrus or
diestrus period for consistent 10 days or more represents an abnormal
Figure 1. Estrus cycle study and examination of plasma estradiol level in HFrD/V
intervention (b) Estrus cycle evaluation for 10 days and stages of the estrus cycle, (c) r
proestrus phase characterized by the presence of nucleated epithelial cells (indicated
(indicated by white arrow); M: metestrus phase, characterized by the presence of nuc
red arrow); D: diestrus, characterized by the presence of leukocyte infiltration. Res
presented as β, Control vs HVCD, δ, HVCD vs HVCD þ Met; ε, HVCD vs HVCD
φφp<0.01; εεεp<0.001.
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estrus cycle [31]. The normal estrus cycle continues progressively and
lasts for 4–5 days, as we found in the Control group (Figure 1b). We found
an irregular estrus cycle in HVCD rats with persistent diestrus phase,
while a combination of Met and PSTi8 brought down irregularities in the
estrus cycle (Figure 1b). Figure 1c represents different phases of the
estrus cycle. Additionally, we found reduced estrogen levels in the HVCD
group; however, the combination of Met and PSTi8 restored estrogen
levels at lower therapeutic doses than Met and PSTi8 alone, as indicated
by the estrus cycle study (Figure 1d). These findings revealed that VCD
treatment perturbed the normal estrus cycle while combination therapy
restored it.
CD-induced perimenopausal rat model. (a) Experimental design and treatment
epresenting different stages of estrus cycle including (d) serum estradiol level. P:
by black arrow); E: estrus phase, characterized by the presence of cornified cells
leated epithelial cells, cornified cells, and leukocyte infiltration (indicated by the
ults are shown as means � SEM (n ¼ 6). Significance among different groups
þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance represented as βp<0.05;
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3.2. Effect of combination of Met and PSTi8 on body weight, fat mass, and
glucose tolerance

We investigated body weight changes before and after drug admin-
istration to inspect how combination therapy administration at reduced
doses affects body mass. We found enhanced bodyweight (Figure 2a) in
HVCD rats, whereas combination treatment of Met and PSTi8 at reduced
doses attenuated body weight. HVCD rats displayed increased fat mass
percentage (Figure 2b), which might result from chronic high fructose
consumption and enhanced lipogenesis. Met and PSTi8 alone doses
significantly reduced fat mass, and similarly, combination therapy at
reduced doses compared to alone Met and PSTi8 also reduced fat mass
percent. Subsequently, the HVCD group displayed a significant loss of
lean mass percent (Figure 2c). On the contrary, combination therapy
recovered lean body mass percentage. Furthermore, we performed an
intraperitoneal glucose tolerance test with 2 g/kg glucose challenge.
HVCD rats showed glucose intolerance as we found that these rats were
unable to counterbalance increased glucose load as they exhibited a
sharp increase at initial 15 and 30 min, which showed defective insulin
action in response to a glucose load. AUC analysis represented that
combination therapy significantly ameliorated glucose intolerance dur-
ing acute (Figure 2d–e) and more effectively with chronic (Figure 2f–g)
drug administration. Combination treatment with decreased therapeutic
doses of Met and PSTi8 inhibited blood glucose increase at an initial 15
and 30 min. It maintained basal blood glucose at 120 min, which
revealed that a combination of Met and PSTi8 restored insulin action.
3.3. Met and PSTi8 combination therapy improved liver function

Liver function markers such as SGPT, SGOT, and ALP are previously
evidenced to be increased in obesity, dyslipidemia, and diabetes [32].
Parallelly, we found an enhanced level of these enzymes in the HVCD
group (Figure 3). Combination therapy of Met and PSTi8 at lower doses
Figure 2. HFrD fed perimenopausal rat model development and effect of combinatio
complete lean mass %, (d) IPGTT and its relevant (e) AUC with acute treatment of Met
including glucose 2 g/kg, (f) IPGTT and its relevant (g) AUC with chronic treatment o
mg/kg and glucose 2 g/kg. Results are shown as means � SEM (n ¼ 6). Significance am
ε, HVCD vs HVCD þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance demonstrated
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in comparison to full Met and PSTi8 alone doses ameliorated serum level
of SGPT, SGOT, and ALP enzymes (Figure 3).
3.4. Met and PSTi8 combination improved plasma lipid profile, inhibited
hepatic lipid accumulation in HVCD-induced perimenopausal rats

In accordance with previous studies, it has been suggested that an
HFrD enhances ectopic lipid accumulation by increasing lipid load [33].
Therefore, we investigated the plasma lipid profile and hepatic lipid
accumulation in HVCD rats. We found a notable increase in LDL
(Figure 4a), VLDL (Figure 4c), TG (Figure 4d), and TC (Figure 4e) plasma
levels and a decrease in HDL (Figure 4b) level in the HVCD group.
Combination therapy at lower therapeutic doses in comparison to alone
Met and PSTi8 significantly decreased plasma LDL, VLDL, TG, and TC
levels. The present combination also restored HDL levels in the plasma of
HFrD perimenopausal rats. Additionally, HFrD-induced adverse effects
on hepatic lipid accumulation were detected by H & E staining of liver
sections (Figure 4f). We detected steatosis (Figure 4g) and increased
ballooning score (Figure 4h) in the liver of HVCD perimenopausal rats.
Intriguingly, Met and PSTi8 in combination attenuated steatosis and
ballooning in the perimenopausal rats.
3.5. Met and PSTi8 combination attenuated lipid accumulation in HFr-
induced insulin-resistant HepG2 cells

To further demonstrate the notion that high fructose (HFr) exposure
may cause ectopic lipid accumulation, we detected lipid accumulation in
HepG2 cells in the presence of HFr. Nile Red staining (Figure 5a, c) and
Oil Red O staining (Figure 5b, d) displayed higher lipid accumulation in
HFr-induced HepG2 cells. Combination therapy of Met and PSTi8 at
lower doses in comparison to alone Met and PSTi8 attenuated lipid
accumulation in insulin-resistant HepG2 cells.
n therapy on glucose intolerance. (a) body weight, (b) complete fat mass %, (c)
150 mg/kg, PSTi8 5 mg/kg and combination Met 75 mg/kg þ PSTi8 2.5 mg/kg,
f Met 150 mg/kg, PSTi8 1 mg/kg, and combination Met 150 mg/kg þ PSTi8 0.5
ong different groups presented as β, Control vs HVCD; δ, HVCD vs HVCD þMet;
as δp<0.05; ββp<0.01; βββ,δδδ,εεε,φφφp<0.001.



Figure 3. Effect of combination therapy on important elements of liver function. (a) SGOT, (b) SGPT, and (C) serum ALP. Comparative significance results are shown
as means � SEM (n ¼ 6). Significance among groups presented as β, Control vs HVCD, δ, HVCD vs HVCD þ Met; δ, HVCD vs HVCD þ PSTi8; φ, HVCD vs HVCD þ
Comb. Significance presentation as εεp<0.01; βββ,δδδ,εεε,φφφp<0.001.

Figure 4. Combination therapy ameliorated plasma lipid markers and reduced hepatic lipid deposition. Plasma lipid markers (a) LDL, (b) HDL, (c) VLDL, (D) tri-
glyceride, and (e) total cholesterol. (f) Liver histopathological analysis was performed by staining with H & E stain (scale bar 100 μm, 20x magnification). (g) Liver
steatosis score analysis and (h) hepatic ballooning score analysis. Data represented as means � SEM (n ¼ 6). Significance among different groups presented as β,
Control vs HVCD, δ, HVCD vs HVCD þ Met; ε, HVCD vs HVCD þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance illustrated as β,δ,εp<0.05;
ββ,δδ,φφp<0.01; βββ,δδδ,εεε,φφφp<0.001.
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3.6. Met and PSTi8 in combination attenuated hepatic lipotoxicity by
activating SIRT1 in high fructose exposed HepG2 cells and in the liver of
HFrD/VCD-induced perimenopausal rats

It has been speculated that SIRT1 overexpression mitigates ER stress
and steatosis [34]. Therefore, we investigated the expression of SIRT1
in the presence of HFr load. We found reduced fluorescence intensity of
SIRT1 in HFr exposed HepG2 cells (Figure 6a,b). Contrary to this,
combination therapy of Met and PSTi8 at half of the alone therapeutic
doses increased the intensity of SIRT1 fluorescence in the presence of
HFr load (Figure 6a, b). In line with these findings, combination
treatment of Met and PSTi8 also increased mRNA (Figure 6c) and
protein expression (Figure 6d) of SIRT1 in HVCD-induced perimeno-
pausal rats, which was inhibited by HFrD and in the presence of
reduced estrogen milieu.
6

3.7. Combination therapy of Met and PSTi8 ameliorates hepatic lipid
metabolism by inhibiting SREBP-1c in HFr-induced HepG2 cells and HVCD-
instigated perimenopausal rats

The liver is the master organ involved in lipid synthesis amenable to
TG synthesis. SREBP-1c is the key element of lipid synthesis, sensitive
to nutritional status [35]. We detected increased fluorescence intensity
of SREBP-1c in HFr-induced HepG2 cells (Figure 7a,b). On the other
hand, a combination of Met and PSTi8 at the half of individual Met and
PSTi8 therapeutic doses significantly reduced the fluorescence in-
tensity of SREBP-1c in the presence of HFr exposure (Figure 7a,b).
Likewise, we detected enhanced hepatic mRNA (Figure 7c) and protein
expression (Figure 7d) of SREBP-1c in the HVCD group. At the same
time, a combination of Met and PSTi8 significantly attenuated
SREBP-1c expression as equivalent to Met and PSTi8 monotherapy.



Figure 5. Combination therapy attenuated lipid accumulation in high fructose-induced insulin-resistant HepG2 cells. (a) Nile Red staining to detect lipid accumu-
lation in HFr-induced HepG2 cells and (b) Oil Red O staining (c) Nile Red fluorescence intensity quantification. (d) Quantification of lipid accumulation detected by
Oil Red O staining in HFr-induced HepG2 cells. Results were represented as means � SEM (n ¼ 6). Significance among different groups presented as β, Control vs HFr;
δ, HFr vs HFr þ Met; ε, HFr vs HFr þ PSTi8; φ, HFr vs HFr þ Comb. Significance represented as εp<0.05; βββ,δδδ,εεε,φφφp<0.001.
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Furthermore, we investigated downstream regulators of SREBP-1c
involved in de-novo lipid synthesis as FAS, ACC1, SCD1 (Figure 7
e–g). We found increased mRNA expression of FAS, ACC1, and SCD1 in
the HVCD group. At the same time, the combination Met and PSTi8 at
lower doses significantly reduced lipogenesis by downregulating the
expression of the aforementioned markers (Figure 7 e–g). Additionally,
we observed enhanced expression of fatty acid oxidation associated
genes, including Carnitine palmitoyltransferase-1α (CPT1α) (Figure 7
h) and uncoupling protein 2 (UCP2) (Figure 7 i) by combination
therapy. In contrast, in the HVCD group, due to increased expression of
SREBP-1c, fat oxidation was inhibited as manifested by reduced
expression of CPT1 and UCP2.
3.8. Combination therapy of Met and PSTi8 alleviated ER stress-induced
UPR and improved hepatic insulin sensitivity

It has been previously evidenced that a plethora of lipid supply may
cause perturbations in protein folding homeostasis [36]. Thereby, we
investigated ER stress UPR in the liver of HVCD perimenopausal rats.
The HVCD group displayed increased expression of the
PERK-eIF2a-ATF4 axis, which results in the increased expression of
GRP78 protein expression (Figure 8a), concomitant to the phosphory-
lation of PERK (Figure 8b) and eIF2a (Figure 8c) proteins and also
enhanced expression of ATF4 (Figure 8d). Simultaneously, compared to
individual Met and PSTi8, combining a reduced dose of Met and PSTi8
downregulated GRP78, along with reduced phosphorylation of PERK,
eIF2α and expression of ATF4 proteins. This reduced ER stress by the
combination of Met and PSTi8 preserved hepatic insulin signaling by
inhibiting p-IRS (ser-307) (Figure 8e) and activating p-AKT (ser-473)
(Figure 8f). At the same time, HFrD with VCD treatment disrupted in-
sulin signaling by activating inhibitory phosphorylation of IRS1 and
preventing activation of AKT. Altogether, these findings uncovered that
the combination of Met and PSTi8 at reduced therapeutic doses
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effectively ameliorates hepatic steatosis-induced ER stress and uphold-
ing hepatic insulin signaling.

4. Discussion

ER is identified as a protein folding cellular machinery engaged in
synthesis, folding, assembly, and modification of soluble and membrane
proteins [37]. This vivacious system of protein folding adapts protein
folding capacity according to the physiological requirements of the cells
[38]. When physiological states or cellular demand for protein folding
exceeds ER capacity, that results in a conglomeration of misfolded and
unfolded proteins, further proceeds into UPR. ER in hepatocytes have the
exquisite capacity to adapt to extracellular and intracellular stimuli.
However, obesity and hepatic steatosis may perturb hepatic lipid meta-
bolism culminating into ER stress [39, 40].

Previously Met and PSTi8 combined efficiently improved hepatic
metabolism and reversed hepatic lipid accumulation [23]. The present
study results point towards the potential role of the combination of Met
and PSTi8 at reduced therapeutic doses in ameliorating hepatic steatosis
linked to ER stress and IR in perimenopausal rats. VCD-induced follicular
atresia leads to the natural progression of menopause, renders females
more prone to develop hepatic steatosis [41, 42, 43]. Accordingly, with
these findings, we studied estrus phases in VCD treated rats for 10
consecutive days following 12 weeks of HFrD feeding. We found that
HVCD displayed a consistent diestrus phase (Figure 1b), hence an
irregular estrus cycle. This loss of ovarian follicle was also confirmed by
reduced estrogen release as observed in the HVCD group (Figure 1b). A
combination of Met and PSTi8 at reduced therapeutic doses preserved
the estrus cycle in HVCD rats by maintaining cyclicity comprising pro-
estrus, estrus, metestrus, and diestrus phases (Figure 1b). The combina-
tion treatment reversed this estrogen loss might be by protecting
primordial ovarian follicles. Furthermore, increased body weight has
been discerned in VCD-induced rodents [43]. Likewise, the HVCD group
exhibited enhanced bodyweight (Figure 2a) and increased fat mass



Figure 6. Combination therapy activates SIRT1 in HepG2 cells and liver of perimenopausal rats. (a) Immunofluorescence imaging of SIRT1 in HFr-induced HepG2
cells, (b) SIRT1 fluorescence intensity quantification (n ¼ 6). (c) SIRT1 relative mRNA expression (n ¼ 6) and (d) protein content (n ¼ 3) in the liver of HVCD rats.
SIRT1 mRNA and protein expression normalized with 18s and GAPDH expression, respectively (densitometry by Image J software). Results were represented as means
� SEM (n ¼ 3). For (a and b), Significance among different groups presented as β, Control vs HFr; δ, HFr vs HFr þ Met; ε, HFr vs HFr þ PSTi8; φ, HFr vs HFr þ Comb.
For (c and d), significance values represented as β, Control vs HVCD; δ, HVCD vs HVCD þ Met; ε, HVCD vs HVCD þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance
showed as εp<0.05;δδ,φφp<0.01;βββ,δδδ,εεε, φφφp<0.001.
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percentage (Figure 2b) while reduced lean mass percentage (Figure 2c).
A combination of Met and PSTi8 at lower doses, compared to full doses of
Met and PSTi8 manifested propitious effects by maintaining body weight
and total body fat mass percentage (Figure 2a–c).

Intriguingly, VCD-induced perimenopausal rats have been demon-
strated to develop glucose intolerance [24, 41]. Similarly, we also
noticed attenuated glucose intolerance in the HVCD group. At the same
8

time, combinatorial therapy of Met and PSTi8 at reduced doses compared
to alone higher therapeutic doses improved glucose tolerance during
acute (Figure 2d, e) and more effectively during chronic treatment
regimen (Figure 2f, g). One apparent description would be that HFrd
consumption combined with VCD treatment undermined hepatic lipid
homeostasis, consequently disrupting insulin response towards glucose
load resulting in glucose intolerance. Contrarily, results indicated that



Figure 7. Combination therapy improved SREBP-1c expression in HFr induced HepG2 cells and hepatic SREBP-1c expression in perimenopausal rats. (a) Immuno-
fluorescence imaging of HFr-induced HepG2 cells, (b) SREBP-1c fluorescence intensity quantification (n ¼ 6). (c) Relative mRNA expression of SREBP-1c in the liver,
studied by qRT-PCR (n ¼ 6). (d) Total form of SREBP-1c (molecular weight 122kDa) presented by western blotting indicates protein expression levels (n ¼ 3). We
investigated relative mRNA expression of downstream markers of SREBP-1c. These are represented as (e) FAS (f) ACC-1 (g) SCD-1. Further, we determined the relative
mRNA expression of fat oxidation related genes (h) CPT-1a (i) UCP-2. The mRNA and protein expressions were normalized with corresponding 18s and GAPDH
expression, respectively. Results were represented as means � SEM (n ¼ 6). For (a and b), significance among different groups displayed as β, Control vs HFr; δ, HFr vs
HFr þ Met; ε, HFr vs HFr þ PSTi8; φ, HFr vs HFr þ Comb. For (c to i), Significance among groups showed as β, Control vs HVCD; δ, HVCD vs HVCD þ Met; ε, HVCD vs
HVCD þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance represented as φp<0.05;δδ,εεp<0.01;βββ,δδδ,εεε φφφp<0.001.
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Met and PSTi8, in combination, efficaciously improved tolerance to
glucose.

Previous studies persuaded that liver-specific enzymes such as SGPT,
SGOT, and ALP are intensely sensitive markers for liver damage and were
found to be increased during hepatic injury [44]. This could be correlated
with increased SGOT, SGPT, and ALP serum levels in the HVCD group
(Figure 3a–c). Significant reduction in serum level of these markers by
combination therapy explains that Met and PSTi8 in combination at
reduced doses are hepatoprotective and effective in preventing liver
injury.

It was convincingly demonstrated that HFrD (60% fructose) elevated
key lipid parameters in plasma, including plasma TG and LDL concen-
trations [45, 46]. In agreement with these reports, we also found
increased plasma TG, LDL, VLDL, and TC levels while reduced plasma
HDL levels in the HVCD group (Figure 4a–e). Alleviated plasma TG, LDL,
VLDL, and total cholesterol levels and enhanced plasma HDL in HFrD fed
perimenopausal rats by combination therapy demonstrated that Met and
PSTi8 in combination are possibly working towards the regulation of
plasma lipid levels and maintaining lipid homeostasis. Consequently, this
raised the possibility that Met and PSTi8 in combination may inhibit
ectopic lipid accumulation in the liver. Therefore, we studied hepatic
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lipid accumulation by H & E staining (Figure 4f) and found that combi-
nation therapy attenuated lipid droplet formation in the liver manifested
reduced steatotic score (Figure 4g) and minimized hepatic ballooning
score (Figure 4h). To further validate these interesting findings, we
investigated lipid accumulation in HFr-induced HepG2 cells. Moreover,
combination therapy reduced oil droplet formation in HFr-induced
HepG2 cells, as evidenced by reduced fluorescence intensity detected
by Nile Red staining (Figure 5a and c). In addition, Oil Red O staining
results also demonstrated that a combination of Met and PSTi8 could
effectively reduce HFr-induced lipid accumulation (Figure 5b and d).
Furthermore, it has been demonstrated that hepatic steatosis is closely
associated with the emergence of ER stress [47]. Moreover, SIRT1 has
been demonstrated to attenuate hepatic steatosis and, consequently,
hepatic ER stress and IR [34]. Further studies suggested that SIRT1
overexpression prevents lipid accumulation in steatotic hepatocytes [48].
Hence, we were puzzled that if SIRT1 activation and attenuated denovo
lipogenesis are effective in ameliorating ER stress and IR in HFrD fed
perimenopausal rats. Herein, results displayed combination therapy
increased fluorescence intensity of SIRT1 in HFr induced HepG2 cells and
enhanced mRNA and protein expression of SIRT1 in HFrD fed perimen-
opausal rats. These outcomes strengthened the possibility that



Figure 8. Combination therapy ameliorated the ER stress-induced PERK-eIF2a pathway and improved insulin signaling. We detected protein expression levels of
hepatic ER stress pathway (a) GRP78, (b) p-PERK, and (c) p-eIF2a (d) ATF4. Concomitantly combination of Met and PSTi8 improved insulin sensitivity in liver as
identified by improved insulin signaling. We detected protein phosphorylation of (e) p-(Ser-473) AKT (f) p-(Ser-307) IRS-1. Results are presented as means � SEM (n ¼
3). Significance among groups presented as β, Control vs HVCD, δ, HVCD vs HVCD þ Met; ε, HVCD vs HVCD þ PSTi8; φ, HVCD vs HVCD þ Comb. Significance
represented as φp<0.05; ββ,εε,φφp<0.01;βββ,δδδ,εεε,φφφp<0.001.
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combination therapy may effectively reduce denovo lipogenesis by
activation of SIRT1. Moreover, SREBP-1c has been shown to be activated
by fructose in mice [49]. High fructose feeding stimulates the expression
of SREBP-1c and additional lipogenesis related genes (ACC, FAS, SCD1)
[50]. Concomitantly, we found that a combination of Met and PSTi8
attenuated SREBP-1c fluorescence intensity in HFr induced
insulin-resistant HepG2 cells, and also mRNA and protein expression of
SREBP-1c in HFrD fed perimenopausal rats (Figure 6). Likewise, com-
bination treatment decreased the expression of downstream signaling
markers of SREBP-1c: FAS, ACC, SCD-1 (Figure 7) and eventually
attenuated hepatic lipogenesis. Conversely, we found enhanced hepatic
expression of CPT1a (Figure 7h) and UCP2 (Figure 7i) mRNA levels,
apparently displayed enhanced fatty acid oxidation in the liver. One
reasonable explanation might be that HFrD fed perimenopausal rats have
lost their ability to oxidize excess lipids contributed by HFrD and reduced
estrogen milieu. Simultaneously, Met and PSTi8, in combination,
reversed these anomalies by enhancing fat oxidation, attenuating ectopic
lipid accumulation, and, consequently, ER stress.

There are three peculiar ER transmembrane sensors, which lead to the
activation of UPR: inositol-requiring 1α (IRE1α), PERK, and ATF6 [51].
Of note, uncurbed hepatic lipogenesis induced steatosis by HFr feeding
exacerbates activated PERK-UPR branch [52, 53]. It is well reported that
hepatic ER stress and adaptive UPR pathways are elegantly associated
with lipotoxicity [54]. PSTi8 has previously been explained that it in-
teracts with GRP78 and inhibits PST action [20]. Additionally, Met has
been mentioned to inhibit GRP78 chaperon protein [55]. In addition to
this, ATF4 deficient mice exhibited protection against steatosis
10
development [56]. Conclusively, with these compelling findings, com-
bination treatment of Met and PSTi8 at reduced therapeutic doses
meticulously revealed diminished hepatic ER stress by mitigating the
PERK-eIF2α-ATF4 arm of UPR (Figure 8a–d). Moreover, combination
therapy of Met and PSTi8 improved hepatic insulin signaling by regu-
lating key elements of insulin signaling. Consequently, Met and PSTi8 in
combination at lower doses escalated p-AKT (Ser-473) (Figure 8e) and
reduced the expression of p-IRS (Ser-307) (Figure 8f). These results un-
doubtedly represented that combination of Met and PSTi8 may effec-
tively reverse hepatic steatosis induced ER stress and improve insulin
signaling.

5. Conclusion

Altogether, our results providepersuasive evidence thatMet andPSTi8
in combination may potentially reverse hepatic steatosis associated ER
stress and pertinent IR in HFrD fed perimenopausal rats by governing
SIRT1/SREBP-1c axis. Hence, the present study may provide remarkable
avenues towards therapeutic interventions and presumably fill gaps to-
wards insights into the development of steatosis, ER stress, and IR.
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