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ABSTRACT

In the preceding study, we delineated that high-fat diet (HFD) consumption in mice increases the circulatory level
of pancreastatin (PST), which additionally enhances the free fatty acid (FFA) concentration in circulation.
Consequently, the aggravated FFA activates Fetuin-A, which facilitates hepatic lipid accumulation, insulin
resistance (IR), and culminates in type 2 diabetes (T2D). Metformin (Met) is a widely known first-line drug for the
treatment of T2D. We previously unveiled PSTi8, an inhibitor of PST, comprising antidiabetic property. Hence, we
hypothesized that combination therapy of Met and PSTi8, at reduced therapeutic doses, would mitigate HFD-
induced IR by inhibiting hepatic Fetuin-A in mice model of T2D. C57BL/6 mice were fed HFD for 12 weeks,
followed by treatment with Met, PSTi8, and its combination for 10 days. Glucose and insulin tolerance tests were
conducted. Circulatory levels of PST, Fetuin-A, and lipid markers were determined. Also, the mRNA and protein
expression of Fetuin-A was assessed by qPCR, western blotting, and immunofluorescence. Moreover, the energy
expenditure was measured by comprehensive laboratory animal monitoring system (CLAMS). Combination
therapy displayed improved PST, Fetuin-A, and lipid profile in plasma. We also found reduced hepatic Fetuin-A,
which reduced inhibitory phosphorylation of IRS and increased phosphorylation of AKT. Consequently, amelio-
rated hepatic lipogenesis, gluconeogenesis, and inflammation. Also, combination treatment attenuated Fetuin-A
expression, lipid accumulation, and glucose production in palmitate-induced HepG2 cells. Altogether current
study promulgates the beneficial effect of combination therapy of Met and PSTi8 (comparable to alone higher
therapeutic doses) to ameliorate Fetuin-A activation, hepatic lipid accumulation, insulin resistance, and associated
progressive pathophysiological alterations in T2D.

1. Introduction

etal., 2002). A high-fat diet (HFD) fed murine model is a well-established
model to investigate the interrelationship between IR and T2D in humans

Type 2 diabetes (T2D) manifests diminished insulin production and
increased peripheral insulin resistance (IR) (Arulmozhi et al., 2008),
violating the stringent regulation of hepatic carbohydrate and lipid
metabolism (Olefsky, 1990; Reaven, 1988). Worldwide 463 million
people had diabetes in 2019, and this number is expected to rise to 578
million in 2030 and 700 million by 2045 (Saeedi et al., 2019; Un Nisa and
Reza, 2019). The liver has exquisite management to regulate fatty acid
synthesis and triglyceride production. For this reason, the liver probably
is considered as the primary organ wherefrom IR emerges and further
leads to progression into muscle and adipose tissue (Seppala-Lindroos

* Corresponding author.
E-mail address: jr.gayen@cdri.res.in (J.R. Gayen).

https://doi.org/10.1016/j.heliyon.2020.e05133

(Nath et al., 2017). Pancreastatin (PST) plays important role in lipid
metabolism. PST enhances free fatty acids in circulation (Bandyopadhyay
et al., 2015). Also, it has been reported that increased free fatty acids are
the major culprit, plays pivotal function in activation of Fetuin-A, which
is a well-known factor for 2the development of IR (Stefan et al., 2008).
According to the American Diabetes Association and the European As-
sociation for the Study of Diabetes, first-line therapy for diabetes treat-
ment is metformin (Met). Elevated concentrations of Met has been
allegedly believed to be the cause of gastrointestinal side-effects (Rena
etal., 2017). Hence there is an urgent need for combination therapy with
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Figure 1. Experimental design of HFD model development and therapeutic intervention.

Met at lower doses to preserve glycemic control. PSTi8, an emerging
peptide, reported to have antidiabetic effects by inhibiting PST derived
IR and inflammation (Bandyopadhyay et al., 2015; Funakoshi et al.,
1990; Hossain et al., 2018; Valicherla et al., 2019). Chronic treatment of
PSTi8 improved glycemic control, glucose tolerance, and IR, as stated in
previous research (Valicherla et al., 2019).

In the current work, we aimed to decipher that if combination therapy
of Met and PSTi8, at reduced therapeutic doses, would be able to
attenuate Fetuin-A mediated IR and subsequent pathologies in the liver,
underpinning T2D in HFD model.

2. Materials and methods
2.1. Materials

Peptide PSTi8 (PEGKGEQEHSQQKEEEEEMAV-amide, synthesized by
Life Tein LLC, USA), 1,1-DimethylbiguanideHCl (Metformin) purchased
from Alfa Aesar. Low glucose and without glucose Dulbecco modified
eagle's medium, sodium lactate, sodium pyruvate, glucose, Insulin, TRI-
zol reagent, phosphate-buffered saline, glycogen, anthrone, Oil Red O,
Nile Red, trypsin-EDTA, and antibiotic-antimycotics solution were pur-
chased from Sigma Aldrich, St. Louis, USA. Streptozotocin was procured
from Enzo life sciences, New York, USA. High capacity cDNA Reverse
Transcription kit, amplex™ red glucose/glucose oxidase assay kit, Dy-
NAmo Color Flash SYBR Green qPCR Kit, Inmobilon Western Chemilu-
minescent HRP substrate was purchased from Thermo Fisher Scientific,
Waltham, USA. Primers for real time-PCR were purchased from Eurofins
Scientific, Luxembourg. HFD (60% of calories from fat, cat. No. D12492)
was obtained from research diets, Inc, USA. Mouse pancreastatin ELISA
kit was obtained from MyBioSource, San Diego, USA. Primary antibodies
phospho-AKT (Ser473) (4058S), pan AKT (4691S), phospho-IRS
(Ser307) (2381P), IRS-1(2382S), anti-mouse IgG, HRP-linked second-
ary antibody (7076S) were purchased from Cell Signalling Technology,
Denvers. Goat anti-rabbit IgG HRP linked secondary antibody was
(HAF008) purchased from R&D systems. NEFA ELISA kit (E-BC-K013-M)
was purchased from Elabscience Biotechnology. Fetuin-A (SC-133146)

obtained from Santa Cruz Biotechnology, Dallas, USA. GAPDH (MAB374)
was purchased from Merkmillipore, Burlington, USA. Mouse Alexa Fluor
594 was procured from Invitrogen, Waltham, USA.

2.2. Animals

HFD fed murine model was developed using 7-8 weeks old male
C57BL/6 mice (20 =+ 2 g). Mice were provided by the Laboratory Animal
Facility of CSIR-Central Drug Research Institute (CDRI), Lucknow, India.
Mice were continued with ad libitum standard chow diet (SD) and were
kept in polypropylene cages with consistent 12-h light/dark cycle at
constant temperature (22-25 °C) with relative humidity 60-70% in the
animal house room for acclimatization. All the animal studies were
performed as per the approved protocol (IAEC/2018/F-26) of the insti-
tutional animal ethics committee of CSIR-CDRI.

2.3. Experimental design and treatment protocol

We have briefed the experimental design in Figure 1. At the commence-
ment of the experiment, mice were categorized into the Control group, fed
with a standard diet (SD) and HFD group, fed with HFD. After 4 weeks
duration, HFD group mice were administered with a single dose of strepto-
zotocin (100 mg/kg) (Luo et al., 1998) intraperitoneally, and the Control
group was exposed to vehicle (0.1 M citrate buffer, pH 4.5). Furthermore, mice
were kept on their respective diets for the next 12 weeks. At 12 week, HFD
group mice were randomly divided into four groups with 6 mice in each group:
group first- HFD, group second- HFD + Met, group third- HFD + PSTi8, group
fourth- HFD + Comb. Following preliminary study regarding dose selection
for combination of Met and PSTi8, Intraperitoneal glucose tolerance test
(IPGTT) and intraperitoneal insulin tolerance test (IPITT) were performed
with acute drug treatment of Met (300 mg/kg) (Calixto et al., 2013; Salomaki
et al., 2013), PSTi8 (5 mg/kg) (Hossain et al., 2018) and Comb (Met 150
mg/kg + PSTi8 2.5 mg/kg) to determine the development of glucose intol-
erance, reduced insulin sensitivity and simultaneously acute effect of treat-
ments on emerging pathophysiology. After successful confirmation of the
development of hyperglycemia, glucose intolerance and insulin insensitivity
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Table 1. Primers used in the study.

Gene Primer Sequence

mSrebp-1c (Forward) GGTTTTGAACGACATCGAAGA
mSrebp-1c (Reverse) CGGGAAGTCACTGTCTTGGT
mFas (Forward) CGGAAACTTCAGGAAATGTCC
mFas (Reverse) TCAGAGACGTGTCACTCCTGG
mChrebp (Forward) CTGGGGACCTAAACAGGAGC
mChrebp (Reverse) GAAGCCACCCTATAGCTCCC
mCpt-1a (Forward) GACTCCGCTCGCTCATTC
mCpt-1a (Reverse) TCTGCCATCTTGAGTGGTGA
mPgc-1a (Forward) AGCCGTGACCACTGACAACGAG
mPgc-1a (Reverse) CTGCATGGTTCTGAGTGCTAAG
mTnf-a (Forward) TCTTCTCATTCCTGCTTGTGG
mTnf-a (Reverse) GGTCTGGGCCATAGAACTGA

mlIl-6 (Forward)
mil-6 (Reverse)

GCTACCAAACTGGATATAATCAGGA
CCAGGTAGCTATGGTACTCCAGAA

mil-15 (Forward) TGTAATGAAAGACGGCACACC
mil-15 (Reverse) TCTTCTTTGGGTATTGCTTGG
mPepck (Forward) ATGTGTGGGCGATGACATT
mPepck (Reverse) AACCCGTTTTCTGGGTTGAT

CATGGGCGCAGCAGGTGTATACT
CAAGGTAGATCCGGGACAGACAG

mG6pase (Forward)

mGépase (Reverse)

mGapdh (Forwad) GTGTCCGTCGTGGATCTGA
mGapdh (Reverse) CCTGCTTCACCACCTTCTTG
mpactin (Forward) CCTCACCCTCCCAAAAGC
mpactin (Reverse) GTGGACTCAGGGCATGGA

in response to glucose challenge, mice were treated with Met (300 mg/kg),
PSTi8 (2 mg/kg) and combination (Met150 mg/kg + PSTi8 1 mg/kg) for 10
days consecutively (Hossain et al., 2018). To determine the effect of chronic
combination treatment IPGTT, IPITT was performed. Furthermore, mice were
inspected in CLAMS and EchoMRI. After that, mice were sacrificed, blood
plasma was collected to estimate lipid parameters, hormones, and hepatokine
levels. Tissues were collected for histopathological examination, glycogen
measurement, and expression studies.

Mice were divided into control group (Control), fed with a standard
diet (SD) and HFD group, fed with HFD. After 4 weeks of feeding, HFD
mice were administered with a single dose of streptozotocin (100 mg/kg,
ip), and the Control group was exposed to vehicle (0.1 M citrate buffer,
pH 4.5). At 12 week, HFD group mice were randomly divided into four
groups (n = 6): group first- HFD, group second- HFD + Met, group third-
HFD + PSTi8, group fourth- HFD + Comb. Intraperitoneal glucose
tolerance test (IPGTT) and intraperitoneal insulin tolerance test (IPITT)
were performed with acute drug treatment of Met (300 mg/kg), PSTi8 (5
mg/kg) and Comb (Met 150 mg/kg + PSTi8 2.5 mg/kg). After successful
confirmation of the development of hyperglycemia and insulin resistance
mice were treated with Met (300 mg/kg), PSTi8 (2 mg/kg) and combi-
nation (Met150 mg/kg + PSTi8 1 mg/kg) for 10 days consecutively.
Subsequently, to determine the effect of chronic combination treatment,
IPGTT, IPITT were performed. Furthermore, mice were inspected in
CLAMS and EchoMRI. Thereafter mice were sacrificed, blood plasma was
collected to estimate lipid parameters, hormones, and hepatokine levels,
and tissues were collected for histopathological examination, glycogen
measurement, and expression studies.

2.4. Intraperitoneal glucose and insulin tolerance test

IPGTT and IPITT were performed in mice, fasted for 6 h. We con-
ducted preliminary study regarding selection of doses for combination of
Met and PSTi8 in HFD mice model. Control and HFD group mice received
0.9 % saline. Different combinations which were used are Met 75 mg/kg
+ PSTi8 1.25 mg/kg, Met 75 mg/kg + PSTi8 2.5 mg/kg, Met 150 mg/kg
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+ PSTi8 1.25 mg/kg, Met 150 mg/kg + PSTi8 2.5 mg/kg. Next, selected
combination of Met and PSTi8 were used for further IPGTT and IPITT
experiments in HFD induced diabetic mice. For IPGTT, HFD + Met group
received Met (300 mg/kg), HFD + PSTi8 group received PSTi8 (5 mg/kg)
(acute) or PSTi8 2 mg/kg (chronic) and HFD + Comb group received Met
150 mg/kg -+ PSTi8 2.5 mg/kg (acute) or Met 150 mg/kg + PSTi8 1 mg/
kg (chronic), before 30 min of glucose or insulin exposure. Blood glucose
was measured at 0, 15, 30, 60, 90, 120 min after administration of
glucose (1 g/kg) and insulin (0.75 IU/kg) challenge during IPGTT and
IPITT respectively. Area under curve (AUC) was calculated by using
graphpad prism software. HOMA-IR was calculated according to the
formula [fasting plasma glucose (mmol/L) x fasting plasma insulin (uU/
mL)/22.5] (Ables et al., 2012).

2.5. Body composition analysis

Body composition (lean mass and fat mass) analysis of animals was done by
EchoMRI body composition analyzer (E26-226-RM EchoMRI LLC, USA). It
works throughradio frequency pulsesapplied atadistinctstaticmagneticfield.
The body composition of each animal was measured by placing it in a plastic
cylinder (4.5 cm diameter) with restricted movement (Gupta et al., 2019).

2.6. Energy expenditure measurements

Comprehensive lab animal monitoring system (Oxymax-CLAMS),
Columbus, USA, was utilized to gauge the energy homeostasis and
evaluation of metabolic parameters in animals. The experiment was
under optimum temperature (22-25 °C) with 12 h/12 h light-dark cycle.
CLAMS system was calibrated with the standard ratio of Oy, CO,, and
balanced nitrogen gas mixture before initiation of the experiment. In this
system, an individual chamber facility for animals was provided for the
detection of O, consumption CO; release, heat production, and RER.

2.7. Estimation of plasma PST and Fetuin-A level

The level of PST and Fetuin-A were estimated in plasma using Mouse
Pancreastatin (MBS267929) and Fetuin-A (E-EL-M2459) ELISA Kits,
respectively, following the manufacturer's instruction.

2.8. Measurement of plasma lipids and insulin level

For the detection of plasma parameters, mice fasted for 6 h, and blood
were withdrawn from the ophthalmic vein before sacrifice. Detection of
plasma levels of HDL by using kits such as High-density Lipoprotein
Cholesterol (HDL-C) (E-BC-K221), LDL by Low-density Lipoprotein
Cholesterol (LDL-C) (E-BC-K205) and triglycerides were measured by
triglyceride Colorimetric assay Kit (E-BC-K238). The level of NEFA was
estimated in plasma by Non-esterified Free Fatty Acids (NEFA) Colori-
metric Assay Kit (E-BC-K013-M). Also, plasma insulin was also deter-
mined by the Mouse Insulin ELISA kit (E-EL-M1382).

2.9. Evaluation of glycogen content in liver

Glycogen content was determined by dissolving liver tissue in hot
KOH (30%). Liver tissue was then precipitated and centrifuged at 5000
rpm for 12 min. After centrifugation, the pellet was dissolved in 5 mL
water and then mixed with anthrone reagent. Glycogen concentration
was detected by absorbance measured at 620 nm (Gayen et al., 2009).

2.10. Morphological analysis of liver

Liver tissues were stored in neutral buffer formalin for fixation, imme-
diately after sacrifice. Formalin-fixed tissues were dehydrated by the use of
different concentrations of ethanol (70%, 90%, and 100%) and treated with
xylene (two treatments). Paraffin-embedded tissue sections were deparaffi-
nized in xylene and rehydrated with ethanol percentage 100%, 70%, 50%,
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and stained with H & E stain. Images were captured at 20 X magnification
(Leica DM-5000). Lipid accumulation was calculated in terms of steatosis
and hepatic ballooning score, as previously described (Syed et al., 2020).

2.11. Extraction of RNA and quantitative real-time PCR

TRIzol procedure was used to extract total RNA from liver tissue and
quantified by NanoDrop-2000 Spectrophotometers, Thermo Fisher Scien-
tific, Waltham, USA. After RNA isolation, it was reverse transcribed into
cDNA using the high capacity cDNA Reverse Transcription kit and Sure-
Cycler 8800 (Agilent Technologies, USA). Reaction conditions for cDNA
preparation were 25 °C for 10 min; 37 °C for 120 min; 85 °C for 5 min; hold at
4 °C (Gupta et al., 2019). Further real-time PCR (RT-PCR) was conducted
using DyNAmo Color Flash SYBR Green qPCR Kit, by RT-PCR LightCycler
480 Instrument II (Roche Life Science). Reaction conditions were pro-
grammed as initial incubation at 95 °C for 7 s with following 40 cycles
comprising 95 °Cfor 105, 60 °Cfor 15sand 72 °C for 15s. For data analysis,
delta Ct values were used to calculate relative mRNA expression. Primers
used in the present study are listed in Table 1.

2.12. Western blotting

Liver tissue was homogenized in lysis buffer containing protease in-
hibitor cocktail and phosphatase inhibitor cocktail at 4 °C. Proteins were
separated by 10% SDS-PAGE at constant voltage 100 volts for 2.5 h. PVDF
membrane was used to transfer proteins and blocked with 5% (w/v) non-fat
milk powder in PBST for 1 h. PVDF membrane was immunoblotted with
primary antibodies, including Fetuin-A, phospho-Insulin receptor substrate
-1 (pIRS-1) (Ser307), IRS-1, phospho-protein kinase B (p-AKT) (Ser473),
Pan AKT, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) overnight
at 4 °C. Immobilon Western Chemiluminescent HRP substrate was used to
visualize bands in myECL imager of Thermo Fischer Scientific Waltham,
USA. Recognized signals were normalized with their corresponding controls
and analyzed by quantitative densitometry with the use of Image J software.

2.13. Cell culture studies

HepG2 cells (ATCC, Manasses, VA, USA), were cultured in low
glucose Dulbecco's Modified Eagle's Medium (LGDMEM) with 10 % FBS,
antibiotics (L-Glutamine-Penicillin-Streptomycin solution) and allowed
to grow in a humidified atmosphere of 5 % CO at 37 °C.

2.14. Glucose production assay

For glucose production assay, HepG2 cells were seeded in 6 well culture
plates at cell density 0.3 x 10° in each well. Then cells were treated with or
without Palmitate (Pal: 250 uM) (Gao et al., 2010). For preliminary
screening of combination dose selections cells were treated with different
combinations of Met and PSTi8 as Met 25 pM + PSti8 50 nM, Met 25 pM +
PSti8 100 nM, Met 50 pM + PSTi8 50 nM, Met 50 pM + PSTi8 100 nM.
Furthermore we performed individual study with Met (100 pM) (Kim et al.,
2010), PSTi8 (200 nM) (Gupta et al., 2019) and selected combination of
Met 50 uM with PSTi8 100 nM for 24 h followed by insulin (100 nM),
treatment for last 20 min. Glucose production media (2 ml/well, DMEM
without glucose supplemented with 20 mM sodium lactate and 2 mM so-
dium pyruvate) was added to the wells followed by 3-4 h incubation after
giving two times PBS wash. After incubation, cells and media were
collected and used for protein estimation and glucose determination
(Amplex red glucose assay kit) (Cao et al., 2014), respectively.

2.15. Glucose uptake assay

For glucose uptake assay, HepG2 cells (seeded in 96 well culture
plate) were induced with Pal (250 pM) for 24 h and treated with different
combinations of Met and PSTi8. These combinations were Met 25 pM +
PSti8 50 nM, Met 25 pM + PSti8 100 nM, Met 50 pM + PSTi8 50 nM, Met
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50 uM + PSTi8 100 nM. We followed the glucose uptake procedure ac-
cording to instructions provided in kit manual (Sigma Glucose Uptake
Assay kit, cat- MAK0083).

2.16. Nile Red and oil red O staining to detect lipid accumulation

For preliminary study of Met and PSTi8 combination dose selection in
Pal (250 pM) induced insulin resistant HepG2 cells, different combina-
tions of Met and PSTi8 were used to detect oil droplet accumulation.
These combinations were Met 25 yM + PSTi8 50 nM, Met 25 pM + PSTi8
100 nM, Met 50 pM + PSTi8 50 nM, Met 50 pM + PSTi8 100 nM.
Following detection of best combination doses of Met and PSTi8 we
performed separate study to verify the effects of Met and PSTi8 selected
combination on ectopic lipid accumulation, we have determined lipid
accumulation in HepG2 cells in the presence of Pal treatment 250 uM
(Xiao et al., 2019). After 80-90 % confluency, media was changed and
treated with Met 100 uM, PSTi8 200 nM, Combination (Met 50 uM -+
PSTi8 100 nM) in insulin-resistant conditions for 24 h. After treatment
duration, the media was removed, washed twice with PBS (phosphate--
buffered saline). For Nile Red, cells were incubated with Nile Red stain,
washed with PBS, and observed under a fluorescence microscope (Leica)
for imaging. Similarly, for Oil Red O, washed cells were incubated with
Oil Red O stain (0.36 % in 60 % isopropanol), washed with PBS, dried,
and absorbance (540 nm) was measured in the presence of isopropanol
(Benarbia et al., 2013).

2.17. Immunofluorescence

To unravel the effect of combination therapy on Fetuin-A expression
in Pal exposed HepG2 cells, we performed immunofluorescence as pre-
viously established in our lab (Syed et al., 2020). HepG2 cells were grown
in 96-well plate. After 50-60 % confluency, media was changed and
treated with Met 100 uM, PSTi8 200 nM, and combination (Met 50 uM +
PSTi8 100 nM) in insulin-resistant conditions for 24 h. Cells were washed
three times with PBS and then fixed and permeabilized with cold
methanol for 20 min. Methanol was washed with PBS three times, and
cells were blocked in 5% BSA for 2 h. Then, cells were washed with PBS 5
times and incubated overnight with primary antibody anti-Fetuin-A,
followed by incubation with species-specific Alexa Fluor 594 for 2 h.
Further, cells were washed with PBS 5 times, DAPI was added, and
examined under a fluorescence microscope (Leica).

2.18. Statistical analysis

Results presented in this study were expressed as mean + SEM, and
GraphPad prism software, San Diego, CA, USA, was used to analyze the
data. We performed statistical analyses with the use of Student's t-tests,
one or two-way ANOVA followed by Bonferroni posttest wherever
required.

3. Results

3.1. Selection of best possible combination of Met and PSTi8 and appraisal
of murine model development of T2D

Glucose release assay (Figure 2A), glucose uptake assay (Figure 2B),
0Oil Red O staining (Figure 2C) experiments in presence of Pal (250 pM)
induction in HepG2 cells, revealed that Met 50 pM and PSTi8 100 nM
combination is most optimal among other combinations for in-vitro ex-
periments. Furthermore we also performed GTT in HFD fed diabetic mice
model to detect best combination of Met and PSTi8 in in-vivo experiments
(Figure 2D-E). Results revealed that Met 150 mg/kg with PSTi8 2.5 mg/
kg significantly reduced glucose intolerance among other combinations.
Then we further used this optimized combination for additional in-vivo
experiments. Additionally, we detected alterations in body weight
(Figure 2F) and FBG (Figure 2G) before and after treatment. There was
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Pal + Met; y, Pal vs Pal + PSTi8; @, Pal vs Pal + Met 50 pM + PSTi8 100 nM. Significance values depicted as “P"®p<0.05; “*P11:0¢p 0 01; @PPb111:69¢p 0,001, For
(B) significance in group comparisons followed as a, Control vs Pal; f, Pal vs Ins; y, Pal + Met; § Pal vs Pal + PSTi8; ®, Pal vs Pal + Met 50 pM + PSTi8 100 nM.
Significance values depicted as “P*®®p<0.05; *@PP1188:005 0 o1; **®PPP11Y.085.0¢0h -0 001. For (C) Results are shown as means 4+ SEM (n = 5). Significance in group
comparisons represented as a, Control vs Pal; f, Pal vs Pal 4+ Met; y, Pal + PSTi8; §, Pal vs Pal + Met 50 pM + PSTi8 50 nM; ®, Pal vs Pal + Met 50 pM + PSTi8 100 nM.
Significance values depicted as *P75%p<0.05; “*PP11:85:0¢p - 0; “xwPPlrr1888.60¢h -0 001, ns, non significant. For (E) Results are shown as means + SEM (n = 6).
Significance in group comparisons represented as o, Control vs HFD; , HFD vs HFD + Met 300 mg/kg; Met; y, HFD vs HFD + PSTi8; §, HFD vs HFD + Met 150 mg/kg
+ PSTi8 1.25 mg/kg; ¢, HFD vs HFD + Met 150 mg/kg + PSTi8 2.5 mg/kg. Significance values expressed as *PVo&0p<(.05; %PPrrddecdtn g 01;
aacppPYyy.888.ece.ddy -0 001. For (F-O) significance in group comparisons represented as *, Control vs HFD; #, HFD vs HFD + Met; @, HFD vs HFD + PSTi8; $, HFD vs
HFD + Comb. Significance values expressed as * # @ $p < 0.05; x> ## @@, 85, - ( o1; w0 #HH @RQ, 85, - 001,

not much distinct variability in body weight, while FBG was more
significantly reduced in HFD + Comb group. We performed intraperito-
neal tolerance tests in response to glucose and insulin challenge to assess
the decisive role of lipid overabundance on insulin sensitivity and insulin
action on glucose disposal. During IPGTT, we found an increased glucose
expedition in the HFD group while in HFD + Comb group, elevated blood
glucose started to reduce after 30 min during acute (Figure 2H) and more
significantly during chronic treatment (Figure 2J). Corresponding AUC
for IPGTT with acute (Figure 2I) and chronic treatment (Figure 2K) also
demonstrated significant glucose intolerance developed in HFD and
improved in co-administered Met and PSTi8 treatment groups. IPITT was
also performed to examine insulin influence to mitigate blood glucose,
and we found diminished insulin action in HFD group while improved
significantly after 15 min and continued to maintain the basal level in
HFD + Comb group with both acute (Figure 2L) and chronic (Figure 2N)
treatment conditions. AUC analysis relevant to IPITT for acute treatment
was shown in Figure 2M and chronic treatment in Figure 20. Hence these
results suggested that combination treatment possibly be able to prevent
the development of IR and improve insulin response.

3.2. Effect of combination therapy in restoring PST induced free fatty acids
and Fetuin-A

It has been speculated that PST enhances NEFA in circulation, which
may further result in hepatic Fetuin-A activation and, subsequently, IR.
Hence, we detected plasma PST, NFFA, and Fetuin-A level in plasma and
observed significantly increased plasma PST (Figure 3A), NFFA
(Figure 3B), Fetuin-A (Figure 3C) in HFD group and it was found to be
significantly reduced by combination therapy. We have found increased
relative mRNA (Figure 3D) and protein expression (Figure 3E) of Fetuin-
A in HFD mice liver, while its expression was significantly reduced by
combination therapy. We have also found increased fluorescence in-
tensity of Fetuin-A in pal-induced HepG2 cells (Figure 3F, G). On the
contrary, Combination therapy significantly inhibited Fetuin-A in pal-
induced HepG2 cells, as it showed decreased fluorescence intensity in
pal-induced HepG2 cells. Hence combination therapy of Met and PSTi8
effectively ameliorated PST induced adverse effects by inhibiting Fetuin-
A.
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showing relative mRNA expression of Fetuin-A in the liver (n

6). (E) Immunoblotting of Fetuin-A in the liver. We further confirmed the enhanced Fetuin-A in pal-

induced insulin-resistant HepG2 cells by immunofluorescence (F) and (G) quantified (Image J). Data values are shown as means 4+ SEM. Comparative significance for
A-C, E and F represented as *, Control vs HFD; #, HFD vs HFD + Met; @, HFD vs HFD + PSTi8; $, HFD vs HFD + Comb. * # @ %p < 0,05; ** ## @@, 35 o7; ##=

###, @Q@@, $$$

values depicted as #>5%p<0.05; PP80ee00p 0 01; PIP-558. 0000 -0 001,

3.3. Combination therapy ameliorated Fetuin-A induced insulin resistance
by activated insulin signaling

In the present study, we utilized the HFD model to detect the
effect of combination therapy in ameliorating Fetuin-A mediated IR.
We found increased fasting plasma insulin levels in HFD group
(Figure 4A) and significantly reduced plasma insulin concentrations in
the HFD + Comb group. We calculated the homeostasis model
assessment of IR (HOMA-IR) (Figure 4B), an essential determinant for
insulin sensitivity. We found increased IR in the HFD group, whereas
combination therapy significantly improved insulin sensitivity. More-
over, this increased insulin sensitivity may lead to increased hepatic
glycogen production. Therefore, we estimated hepatic glycogen con-
tent (Figure 4C) and found that combination therapy significantly
increased glycogen content equivalent to individual therapies of Met
and PSTi8. Likewise, we have measured glucose production in Pal
induced insulin-resistant HepG2 cells (Figure 4D). We found a sig-
nificant increase in glucose production due to Pal induced IR in
HepG2 cells and reduction in glucose release in Pal + Comb group
significantly. It has been figured out so far that AKTand IRS-1 are

P < 0.001. For G significance comparison represented as p, Control vs Pal; 8, Pal vs Pal + Met, ¢, Pal vs Pal + PSTi8; @, Pal vs Pal + Comb. Significance

important downstream elements of insulin signaling (Guo, 2014), and
IR may cause perturbations in their phosphorylation pattern. There-
fore, we investigated whether combination therapy may activate in-
sulin signaling by preventing insulin-resistant conditions in the HFD
model. We found that IRS-1 phosphorylation (Ser-307) was increased
(Figure 4E) and phosphorylation of AKT (Ser-473) was decreased
(Figure 4F) in HFD group while IRS phosphorylation was found to be
decreased markedly (Figure 4E) and AKT phosphorylation was
increased significantly (Figure 4F) in HFD + Comb group. Thus,
combination therapy efficiently improved insulin sensitivity, thereby
improved glycogen production in the liver and also ameliorated
glucose production in insulin-resistant HepG2 cells.

3.4. Combination therapy imparts improvement in lipid homeostasis

As we hypothesized that excess lipid load is the substantial miscreant
in the HFD model to cause further pathological conditions; accordingly,
we investigated herein plasma lipid profile, fat mass percent, ectopic
lipid accumulation in the liver along with lipid deposition in insulin-
resistant HepG2 cells. We found decreased HDL-C (Figure 5A) levels in
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Figure 6. Combination therapy ameliorated lipid accumulation in the liver of HFD fed mice and insulin resistant HepG2 cells. We performed (A) H&E staining of liver
sections that manifested presence of steatosis (B) and (C) ballooning in HFD fed group. (D) Nile Red staining, (E) its fluorescence intensity quantification and (F) Oil
Red O staining displayed increased lipid accumulation in Pal treated HepG2 cells. Comparative significance for A-C and F, represented as *, Control vs HFD; #, HFD vs

depicted as #5¢%p<0.05; PPO8.e0bp 0 01; PPROSSce000, 0 001, Significance values represents * # @ $p < 0.05;

HFD group while increased in the HFD + Comb group. We also detected
increased plasma levels of LDL-C (Figure 5B), triglycerides (Figure 5C) in
the HFD group, and decreased the same in the HFD + Comb group. Fat
mass percent was significantly reduced in HFD + Comb group
(Figure 5D). We found increased expression of major transcriptional
regulators of de-novo lipogeneses, such as Srebp-1c and its downstream
regulatory gene Fas in the HFD group (Figure 5E). We also found
increased expression of Chrebp (Figure 5E), which is mainly upregulated
in response to carbohydrates and decreased the mRNA expression of
genes promoting fatty acid oxidation, particularly Cpt-la, and Pge-la
(Figure 5F) in HFD group.

Furthermore, the effect of combination therapy on hepatic lipid
accumulation was demonstrated by H & E staining of liver section and
Nile Red and Oil Red O staining of HepG2 cells. We found enhanced
steatosis and hepatic ballooning in HFD encountered mice but not in
control (Figure 6A-C). Parallelly, the Pal exposed HepG2 cells exhibited
increased fluorescence intensity of Nile Red (Figure 6D and E) and
absorbance of Oil Red O (Figure 6F), which correspond to lipids aggre-
gation in hepatocytes. Nonetheless, HFD mice kept on combination
treatment unveiled protection from the aggravated extent of lipid
accumulation.

3.5. Effect of combination therapy on the hepatic gluconeogenesis and
inflammation

To detect the disruption of insulin suppressive effects on hepatic
gluconeogenesis, we distinguished the relative mRNA expression of
essential regulatory genes of gluconeogenesis. Relative mRNA of Pepck
and G6pse was found to be increased in HFD group and significantly
reduced in HFD + Comb group (Figure 7A). Next, we detected the hepatic
expression of proinflammatory markers. It has been reported previously
that higher Fetuin-A expression stimulates the expression of proin-
flammatory markers during compromised insulin release. We

@@@, $3$, - 0.001. For D-F, significance values
, ##, @@, S$p <0.01; * ###, @@, $$Sp < 0.001.

investigated relative mRNA expression of TNF-a, IL-6, IL-1p by RT-PCR
and found enhanced expression of TNF-o, IL-6, IL-1§ (Figure 7B) in
HFD group while expression was mitigated significantly for the same in
HFD + Comb group. In compliance with these results, these results
revealed the involvement of hepatic gluconeogenesis while prevailing IR
in HFD mice, which manifests augmented fasting blood glucose due to
increased hepatic glucose disposal. Accordingly, Combination therapy
efficiently improved hepatic gluconeogenesis, reduced Fetuin-A insti-
gated proinflammatory markers, and thereby helps in reducing inflam-
matory milieu and improving related comorbidities in T2D.

3.6. Evaluation of metabolic energy homeostasis

Evaluation of metabolic characteristics associated with energy
expenditure may provide an awaited investigation of switching between
carbohydrate and fat metabolism following Met and PSTi8 administra-
tion alone and in combination during the superfluous nutritional envi-
ronment. We detected VO2 consumption (Figure 8A, F), VCO2
production (Figure 8B, G), RER (Figure 8C and H), heat production
(Figure 8D and I) and X-axis movement (Figure E and J) during light and
dark period (24h). We found a significant increase in VO2, VCO2, and
RER (Figure 8A-C), while heat production was not much affected. These
results suggest that increased RER may indicate enhanced metabolic
flexibility and increased carbohydrate oxidation to fulfill energy
requirements.

4. Discussion

Glucose intolerance and IR are the major predecessors of T2D. Pre-
vious studies reported that HFD induces IR initially by hyperinsulinemia
to counterbalance the complete or partial loss of insulin at the expense of
increased lipogenesis and gluconeogenesis (Pories and Dohm, 2012). On
the contrary, fatty acids are also delineated to cause IR due to attenuated
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Figure 7. Combination therapy ameliorates glucose metabolism and expression
of proinflammatory markers in liver (A) Relative mRNA levels of Pepck and
Gb6pase were studied by qRT-PCR (n = 6). (B) Relative mRNA expression of Tnf-
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hepatic insulin clearance (Kissebah and Peiris, 1989). Foregoing studies
have reported that Met monotherapy requires additional second-line
therapy (Kumar, 2012) due to gastrointestinal intolerance associated
with the Met and progressive nature of diabetes. PST is an endogenous
peptide known to have adverse effects on insulin secretion (Tatemoto
et al., 1986) and causes metabolic deregulation by increasing NEFA in
circulation (Gupta et al., 2020). Increased PST levels were detected in
diabetic patients (Funakoshi et al., 1990; Kim et al., 2010). PSTi8 is a well
elucidated potential inhibitor of endogenous peptide PST, as we
mentioned in our previous studies (Gupta et al., 2019; Valicherla et al.,
2019). Above all, we optimized the Met and PSti8 doses in combination
for further in-vitro and in-vivo studies and found that Met 50 pM and
PSTi8 100 nM is best possible combination in order to use in in-vitro
experiments while Met 150 mg/kg with PSTi8 2.5 mg/kg combination
worked best among other combination doses during acute treatment
(Figure 2A-E) in HFD induced diabetic mice. Considering these aspects,
we were intended to speculate implications of combination therapy of
Met and PSTi8, at their half of therapeutic dosage, used in preceding
studies (Hossain et al., 2018; Tajima et al., 2011). Accordingly, we
observed that HFD resulted in minimal alterations in the bodyweight
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while gradually increased FBG, IR, and impaired insulin response
(Figure 2F and G). These outcomes were also in accordance with the
previously mentioned study where blood glucose, insulin level, and also
triglycerides were found to be enhanced in the HFD diabetic mice model
(Wu et al., 2009). Upon lipid overload, HFD mice displayed reduced
glucose disposal, mitigated insulin-induced suppression of blood glucose
due to increased insulin insensitivity. HFD + Comb group effectually
revealed significant improvement in glucose tolerance and insulin
sensitivity (Figure 2H-0), corrected FBG, more efficiently.

It was previously explored that HFD causes an increase in the PST
level, which leads to enhanced NEFA (Gupta et al., 2020), which may
further promote the activation of Fetuin-A. Fetuin-A, a hepatokine syn-
thesized by the liver, induces IR (Ix et al., 2008; Stefan et al., 2008) and
inflammation (Boden et al., 2005). It must be mentioned that we found
increased plasma concentration of PST and NEFA (Figure 3) in HFD mice
(Figure 3A), which drove us to examine the Fetuin-A level in the circu-
lation and liver. We found enhanced plasma Fetuin-A and also increased
expression at mRNA and protein (Figure 3C-E) level in disease conditions
(HFD). Combination therapy of Met and PSTi8 attenuated the expression
of Fetuin-A, which ultimately leads to reduced Fetuin-A plasma level. In
support of these findings, we also investigated Fetuin-A in Pal-induced
insulin-resistant HepG2 cells by immunofluorescence. Increased fluo-
rescence intensity was found in insulin-resistant HepG2 cells, while
combination therapy reduced Fetuin-A fluorescence intensity (Figure 3F
and G). This improvement in the Fetuin-A level would possibly be related
to improved insulin secretion and insulin sensitivity, as depicted in
Figure 4. We also found that combination therapy significantly increased
glycogen production in the liver (Figure 4C), manifested improved in-
sulin response. It was previously reported that Pal (0.25 mM) might lead
to the development of IR (Gao et al., 2010), which can be an ideal model
to examine insulin sensitization impact. Interestingly, combination
therapy significantly reduced glucose production in Pal induced
insulin-resistant HepG2 cells (Figure 4D). IRS and AKT are chief down-
stream regulatory elements of insulin signaling where inhibitory phos-
phorylation of IRS (Ser-307) and activating phosphorylation of AKT
(Ser-473) provides essential information about the progression of IR and
diabetes (Saltiel and Kahn, 2001). Expectedly in agreement with the
former findings, in the liver, we detected increased p-IRS (Ser-307) and
decreased p-AKT (Ser-473) in HFD mice. Combination therapy attenu-
ated the expression of p-IRS (Ser-307) and enhanced p-AKT (Ser-473)
(Figure 4E, F) expression, which distinctly stated that improved insulin
sensitivity allied with improved hepatic insulin signaling. Previous re-
searchers asserted the evolution of alterations in lipid and carbohydrate
metabolism in the HFD model (Nath et al., 2017). In line with previous
findings, we found decreased HDL, increased level of LDL, and tri-
glycerides in plasma of HFD mice while combination therapy signifi-
cantly increased plasma HDL level, decreased plasma LDL and
triglycerides (Figure 5A-C). This improved lipid profile resulted in a
more significant reduction in body fat mass percent (Figure 5D) with
combination therapy, than Met and PSTi8 alone. HFD induced IR leads to
dysregulated lipid signaling following enhanced fatty acid synthesis
(Brown and Goldstein, 2008). Srebp-1c gets overactivated in response to
compensatory hyperinsulinemia during lipid overburden (Moon et al.,
2012). Intriguingly, enhanced expression of hepatic Srebp-lc was
observed in HFD mice and combination therapy remarkably attenuated
expression (Figure 5E) of Srebp-1lc, a master regulator of de-novo lipo-
genesis. Furthermore, regulatory transcriptional factors of lipogenesis
Fas, Chrebp were also found to be attenuated significantly in (Figure 5E)
HFD + Comb group equivalent to alone Met and PSTi8. Conversely,
important markers of fatty acid oxidation CPT-1a, PGC-1a were found to
be increased (Figure 5F). These results indicated that HFD caused
detrimental effects on lipid metabolism while combination therapy
effectively worked towards utilization of fat deposited in liver.
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movement, were assessed in comprehensive lab animal monitoring system (CLAMS). Results obtained were shown as means + SEM (n = 5). Significance comparison was

These findings led us to explore the effect of the combination on lipid
accumulation in liver and Pal-induced insulin-resistant HepG2 cells. H &
E staining and histological score analysis revealed steatosis and
ballooning in the liver of HFD mice (Figure 6A-C). Nevertheless, com-
bination therapy noticeably reduced ectopic lipid accumulation in the
liver as demonstrated by H & E staining with improved tissue architec-
ture and fewer lipid droplets formation. It must be mentioned that the
combination therapy of Met and PSTi8 efficiently reduced lipid droplets
formation in insulin-resistant HepG2 cells as determined by Oil Red O
and Nile Red staining (Figure 6D-F).

It was also suggested that overnutrition caused by HFD, gives rise to
inflammation, and increased gluconeogenesis (Lackey and Olefsky,
2016). In this regard, we identified increased expression of Pepck and
Gé6pase, important regulators of gluconeogenesis, and significantly
reduced expression of these genes (Figure 7A) in HFD + Comb group.
Furthermore, the expression of proinflammatory markers is intriguingly
associated with increased fat accumulation in the liver and the

10

###, @Q@@, SS"Sp <0.001.

progression of IR (van der Heijden et al., 2015). Results displayed
elevated expression of proinflammatory markers TNF-q, IL-6, and IL-1f in
the liver of HFD mice. Contrarily, combination therapy significantly
reduced the expression of these markers (Figure 7B). These results
revealed that combination therapy might diminish lipid overload by
attenuating lipogenesis and increasing fat oxidation, which may be
responsible for reduced expression of Fetuin-A and proinflammatory
markers. It must be considered here that we found increased gluconeo-
genesis and lipogenesis in the HFD group, which would be a reasonable
indication of IR due to which insulin promotes lipogenesis and loses its
control over gluconeogenesis (Brown and Goldstein, 2008; Honma et al.,
2018).

Previous studies showed that reduced physical activity and oxygen
consumption are associated with diabetes (Giirdal et al., 2015).
Accordingly, we found less movement and decreased oxygen consump-
tion in HFD mice, whereas, mice treated with combination treatment
showed increased activity and significantly increased oxygen
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Figure 9. Combination of Met and PSTi8 (at reduced therapeutic regimen) protects from T2D by inhibiting hepatic Fetuin-A and associated IR subsequently precludes
comorbidities particularly lipogenesis, gluconeogenesis and inflammation in liver.

consumption. Additionally, combination therapy promoted RER. One
plausible explanation might be that HFD animals have lost their capacity
to oxidize carbohydrates efficiently as compared to control animals,
while combination therapy reverses this abnormality (Figure 8).

5. Conclusion

In conclusion, the combination approach of Met and PSTi8 may work
as a potential therapy to reverse Fetuin-A mediated IR, including its
associated risk elements at reduced therapeutic doses of Met and PSTi8
(Figure 9). The current findings may fill gaps in our understanding of the
pathogenesis of T2D, which may further assist in the development of new
perceptions towards the advent of novel measures of diabetes prevention,
management, and treatment.
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