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Abstract

BACKGROUND: Endogenous pancreatic B-cell regeneration is a promising therapeutic approach for enhancing B-cell
function and neogenesis in diabetes. Various findings have reported that regeneration might occur via stimulating B-cell
proliferation, neogenesis, or conversion from other pancreatic cells to B-like cells. Although the current scenario illustrates
numerous therapeutic strategies and approaches that concern endogenous B-cell regeneration, all of them have not been
successful to a greater extent because of cost effectiveness, availability of suitable donors and rejection in case of
transplantation, or lack of scientific evidence for many phytochemicals derived from plants that have been employed in
traditional medicine. Therefore, the present study aims to investigate the effect of gymnemic acid (GA) on B-cell
regeneration in streptozotocin-induced type 1 diabetic rats and high glucose exposed RINS5-F cells.

METHODS: The study involves histopathological and immunohistochemical analysis to examine the islet’s architecture.
Quantitative polymerase chain reaction (QPCR) and/or immunoblot were employed to quantify the B-cell regeneration
markers and cell cycle proliferative markers.

RESULTS: The immunoexpression of E-cadherin, B-catenin, and phosphoinositide 3-kinases/protein kinase B were
significantly increased in GA-treated diabetic rats. On the other hand, treatment with GA upregulated the pancreatic
regenerative transcription factor viz. pancreatic duodenal homeobox 1, Neurogenin 3, MafA, NeuroD1, and B-cells pro-
liferative markers such as CDK4, and Cyclin D1, with a simultaneous downregulation of the forkhead box O, glycogen
synthase kinase-3, and p21Cipl in diabetic treated rats. Adding to this, we noticed increased nuclear localization of Pdx1 in
GA treated high glucose exposed RINS-F cells.

CONCLUSION: Our results suggested that GA acts as a potential therapeutic candidate for endogenous B-cell regener-
ation in treating type 1 diabetes.
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1 Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune dis-
order caused by immune-mediated destruction of pancre-
atic B-cells, resulting in lifelong dependency on exogenous
insulin therapy [1]. Despite its association with numerous
side effects (injection site complications, insulin resistance
and allergies), insulin therapy cannot prevent or delay the
progression of diabetes in patients with uncontrolled
hyperglycemia [2, 3]. Another therapeutic approach called
islet transplantation might overcome the dependency of
exogenous insulin, but it has more limitations including,
inadequate islet donors, transplantation rejection, a lifelong
requirement of immune suppression, and poor patient sur-
vival after transplantation [4]. These facts accentuate the
need for research on endogenous P-cell regeneration
through proliferation, neogenesis, reprogramming of non
B-cells into differentiated B-like cells, transdifferentiation
from progenitor cells, and differentiation of induced
pluripotent stem cells (iPSCs) to new B-cells [5, 6].
Several researchers have shown that small molecules
mediate stem cell differentiation into insulin producing
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cells by activating pancreatic endocrine markers such as
pancreatic duodenal homeobox 1 (Pdx1), sex determining
region Y-box 9 (SOX9), forkhead box A2 (FOXA2),
Nkx6.1, insulin, and C peptide [7, 8]. From the scientific
investigations, it is clear that usage of biological/chemical
inducers and phytochemicals promote B-cell neogenesis
through the activation of Pdx1, neurogenin 3, and muscu-
loaponeurotic fibrosarcoma oncogenefamily protein A
(MafA), which were the most widely explored factors for
B-cell regeneration [9-12]. Despite being cost-effective
and easy to intake, they have minimal risk complications,
making them a better choice than other synthetic
agents/chemicals.

Pdx1, is a crucial transcription factor that regulates gene
expression of Neurogenin 3, MafA, and neurogenic dif-
ferentiation D1 (NeuroD1), is required for the [-cell
development and regeneration [13], where MafA, NeuroD1
acts as a marker of B-cell maturation [14, 15]. In addition,
MafA binds to the insulin gene’s promoter region, pro-
moting insulin expression in response to glucose [16].
Further, E-cadherin, a calcium-dependent transmembrane
protein, is a member of the cadherin superfamily that is
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predominantly expressed in the epithelial cells of numerous
tissues, including the endocrine pancreas [17] is involved
in homotypic cell—cell interactions [18]. One of the intra-
cellular mechanisms of ECAD in regulating the [-cell
proliferation is known to occur through B-catenin, phos-
phoinositide 3-kinases (PI3Ks)/protein kinase B(AKT) and
maintains the cellular architecture [19, 20]. The cytoplas-
mic domain of E-cadherin is bound to intracellular proteins
known as catenin’s that assist in linking the complex to the
actin cytoskeleton [21, 22], to other proteins involved in
signal transduction and nuclear transcription factors [23].

Gymnemic acid (GA) is triterpenoid saponin isolated
from the Gymnema sylvestre leaf [24], and its extract was
reported to have anti-hyperglycemic activity in T2DM
patients [25]. However, the exact mechanism of action
through its primary bioactive compound is not clearly
elucidated. Therefore, the present study aimed to investi-
gate GA’s role in promoting the B-cell regeneration,
making them a possible approach for endogenous B-cells
regeneration in treating type 1 diabetes.

2 Materials and methods
2.1 Animals and chemicals

Male albino Wistar rats were procured from Central Ani-
mal House facility, Dr. AL Mudaliar Post Graduate Insti-
tute of Basic Medical Sciences, taramani campus,
University of Madras, Chennai, India. The experiments
were conducted with the guidelines approved by the
Institutional Animal Ethical Committee (IAEC No: 01/10/
2020). The animals were housed by maintaining three rats
per cage in the large spacious sterile cage under main-
taining controlled temperature (25 £ 2 °C) with 12/12 h
light/dark cycle, and the animals were given commercial
rat feed and water ad libitum. A single dose of intraperi-
toneal injection (i.p) of streptozotocin (STZ) (60 mg/kg
b.w) dissolved in buffer (0.1 M citrate buffer, pH 4.5) was
used to induce type 1 diabetes in rats [26].

Streptozotocin (STZ) was purchased from Cayman
Chemicals (Ann Arbor, MI, USA). Gymnemic acid was
procured from Amalth lifecare, India. The primary anti-
bodies for Pdx1(1:1000), NeruroD1 (1:500), Neurogenin 3
(1:1000), MafA, CyclinD1(1:1000), CDK4 (1:1000),
p21¢P! (1:1000), E-cadherin (1:1000), p-catenin (1:1000),
PI3K/AKT (1:1000), pAKT (1:1000), forkhead box A2
(FOXA2) (1:500), glycogen synthase kinase-3 (GSK3f)
(1:1000), B-actin (1:1000), Lamin B1(1:1000), and sec-
ondary anti-rabbit and anti-mouse antibodies were pur-
chased from Abcam, Cambridge, UK. The enhanced
chemiluminescence (ECL) kit was purchased from Bio-
Rad (Hercules, CA, USA). AccuBind ELISA kit was

purchased from Monobind Inc. (Lake Forest, CA, USA).
Primers were procured from Bioserve Biotechnologies
(India) Pvt Ltd. (Secunderabad, India). Bovine serum
albumin (BSA) and other fine chemicals were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Lipo-
fectamine, Pdx1 (Validated siRNA), Roswell Park
Memorial Institute (RPM medium), Glucose, Antibiotics
and Fetal Bovine Serum, rabbit Alexa Fluor-conjugated
secondary antibody, were purchased from Invitrogen
(Thermo Fisher Scientific Inc., Waltham, MA, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was obtained from Himedia Pvt Ltd. (Mum-
bai, India).. RIN5-F cells were procured from National
Centre for Cell Science (NCCS), Pune. All chemicals and
consumables used were of analytical grade and were pur-
chased from Medox Biotech (Chennai, India). Sisco
Research Laboratories Pvt. Ltd (SRL, India), Genei (Ban-
galore), and CDH (Central Drug House Pvt. Ltd) Mumbai,
India.

2.2 In vivo studies

Young rats (2 months old, weighing around 130-150 g)
were used for this study. All animals were divided into
three groups with six animals in each as; Group 1—young
healthy control rats; Group 2—rats were administered with
streptozotocin (STZ) 60 mg/kg b.w (i.p) and fasting blood
glucose was measured after 48 h, animals which showed
above 300 mg/dl served as diabetic control; Group 3—
Diabetic rats supplemented with GA (150 mg/kg b.w; oral
administration) from 3™ day of the experiment for 30 days.
GA was dissolved in distilled water (dH,O) and supple-
mented by oral gavage. The effective GA dose was fixed
based on the earlier studies conducted in our laboratory
[27] and there is no changes observed in the drug control
rats (data not shown) compared to that of control group.

2.3 Biochemical analysis

The pancreas was excised and washed with ice-cold saline
for histopathological and biochemical analyses. Fasting
blood glucose level was measured by the One Touch
SelectSimple BGMS [28] at the different time periods (Oth,
15th and 30th day), and Plasma insulin levels were deter-
mined by the ELISA kit (Accu bind) method, and values
were expressed in pU/ml.

2.4 Histopathological examination
The pancreatic tissue was fixed with 10% formalin for 48 h
and then tissues were embedded in molten paraffin wax.

Then, sections of the pancreas (5 um thick) were obtained
using a microtome, The section were deparaffinized using
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xylene for 10 min and followed by rehydration through
descending grades of 100% ethanol for 3 min, 95% and
80% ethanol for 1 min at each concentration respectively.
After rehydration the sections were rinsed with distilled
water followed by staining with haematoxylin and eosin
(H&E) dye. Then, the slides were finally examined under a
light microscope (Accu Scope, Commack, NY, USA) for
histopathological observation.

2.5 Immunohistochemistry analysis

The immuno-expression analysis of insulin in pancreatic
tissues was done by Immunostaining [29]. The sections
were cut at 5 um thickness using weswox semi-automated
microtome, mounted on slides, and dried at 37 °C. Dried
sections were rehydrated by xylene to 100%, 70%, 50%
ethanol, and dis.H,O. Then, heat activated antigen retrieval
step was done using antigen retrieval buffer (Tris—-EDTA
buffer, pH 9 (10 mM Tris Base, | mM EDTA and 0.05%
Tween 20) through pressure cooker and allowed to boil
for 5 min. After, slides were cooled to room temperature
for 30 min. Then the sections were rinsed with 0.1 M TBS
three times (Tris buffered saline pH 7.4) followed by
incubation in 1% H,0, in TBS for 5 min and permeabi-
lized with 0.4% Triton X-100 for 30 min. The sections
were blocked by 3% BSA (Bovine Serum Albumin, con-
taining 0.2% Triton X-100 in TBS) for 30 min. After,
sections were incubated with the primary antibody in TBS,
pH 7.4 for 24 h at 4 °C. Then, sections were washed in
TBS thrice, and then incubated with secondary IgG-con-
jugated horseradish peroxidase antibody (1:1000) in TBS,
pH 7.4, for 1 h at room temperature. Visualization analysis
was performed by incubation in 3,3-diaminobenzidine
(DAB) for 5 min. To test the specificity of the immunos-
taining, control sections were processed in an identical
manner devoid of both primary and secondary antibody.
All sections were then washed for 10 min in TBS, mounted
on slides, dried, dehydrated in increasing grades of ethanol,
cleared in xylene, and mounted with DPX and cover slip-
ped. These sections were scanned and examined under a
light microscope (Accu scope).

2.6 RNA extraction and quantitative RT-PCR

The pancreatic tissue RNA was isolated by using the Trizol
(RNAiso Plus) method. The total RNA to cDNA conver-
sion was carried out with the Bio-Rad-iScript cDNA
synthesis reagent kit. Real-time quantitative PCR was
carried out with KAPA SYBR Green Master Mix in ABI
Quantstudio 6 Flex system. The following primers were
used, Pdx1: forward, 5'-TTCCCGAATGGAACCGAGAC-
3’ and reverse 5-TCCACTTCATGCGACGGTTT-3;
NeuroD1: forward, 5-AAAAGCCCAGACCTCGTCTC-3’
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and reverse 5-AAGGGCTGGTGCAATCAGTT-3; Neu-
rogenin 3: forward, 5'-CCCGGATGACGCCAAACTTA-3’
and reverse 5'-TCGAGTGCCTCCACTACCTT -3’; MafA:
forward, 5-TTTGGTGCAGGGACGATCTG-3' and
reverse 5'-CCACACTTCTGTACCACGCT-3’; Insulin:
forward, 5'-CCAAGTCCCGTCGTGAAGT-3' and reverse
5'-GGTGCAGCACTGATCCACAA-3’; B-actin: forward,
5'-ATCATTGCTCCTCCTGAGCG-3' and reverse 5'-
GAAAGGGTGTAAAACGCAGCTC-3'. The thermal
cycling condition: 50 °C for 2 min and 95 °C for 10 min
once, then followed by 95 °C for 15 s and 60 °C for 1 min
for 40 cycles. B-actin served as an endogenous control. All
the reactions were performed in triplicates, mean Ct was
used for analysis the 2 — AACt [30] method was applied to
evaluate the relative mRNA expression level.

2.7 Western blotting analysis

Pancreatic tissue samples were homogenized in Tris—HCl
buffer (0.01 M, pH 7.4), and protein concentrations were
determined [31]. For immunoblotting, pancreatic tissue
lysate was mixed with sample loading buffer where each
sample contained 50 pg concentration. The protein sam-
ples were separated by SDS-Polyacrylamide Gel Elec-
trophoresis [32]. Followed by transferring to the polyvinyl
difluoride membrane (PVDF). Membranes were blocked in
Tris-buffered saline with Tween-20 (TBST) containing 5%
(w/v) BSA (Bovine serum albumin) for 1 h at room tem-
perature. Then, the transferred membrane was incubated
with primary antibodies Pdx1, Neurogenin 3, MafA, Ner-
uroD1, cyclin D1, CDK4, p21°ip', E-cadherin, B-catenin,
PI3K, AKT, pAKT, FOXO1, GSK3, B-actin, and Lamin
B1 for overnight at 4 °C. After that, incubated with
horseradish peroxidase-conjugated secondary antibodies
for 1 h. Immuno expression bands were detected by
enhanced chemiluminescence reagent mixture (an equal
volume of luminol with H,0,), and images were captured
on a Bio-Rad Chemidoc XRS imaging system.

2.8 In vitro studies

Monolayer cultures of rat insulinoma cell lines (RINS5-F)
(NCCS, Pune, India) were cultured in RPMI medium
supplemented with heat-inactivated fetal bovine serum
(10% FBS), 1% sodium pyruvate, 1% Non-Essential
Amino Acids (NEAA), and 1% L-glutamine and Antibi-
otics (mixture of 1% penicillin/streptomycin/nystatin).
Cells were incubated in T25 tissue culture flasks at 37 °C
in a humidified atmosphere (5% CO, & 95% air environ-
ment) with and without high glucose (25 mM) in the
medium. Gymnemic acid was dissolved in the RPMI
medium. Preliminary studies were done with different
concentrations of gymnemic acid to fix the exposure time
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as 24 h and optimum (data not shown) dosage of 1 pM
using cell viability by MTT assay. Based on the dose fix-
ation studies (Data shown), the optimum concentration of
GA was about 1 pM for 24 h in RINS5-F cells, while
25 mM high glucose treatment in RINS-F cells was found
to be 48 h and these concentrations were chosen for further
studies. (1) Control—RINS5-F cells were cultured with
RPMI-1640 medium; (2) High glucose (HG)—RINS-F
cells were cultured in RPMI-1640 medium with high glu-
cose (25 mM) concentration for 48 h; (3) HG + GA—
RINS-F cells were culture in RPMI-1640 medium with
high glucose (25 mM) concentration for 48 h and treated
with GA (1 pM) for last 24 h.

2.9 Transient transfection with Pdx1-specific siRNA
in RINS-F cells

For gene silencing, RNA primers are complementary to rat
Pdx1 (Validated siRNA). Cells were effectively transfected
with the annealed RNA primer pair using Lipofectamine
RNAIMAX reagent (Invitrogen Life Technologies) fol-
lowing the guidelines provided by the manufacturer. The
cells were transfected with scrambled siRNA (30 pmol) as
controls. Further, the transfection efficiency was confirmed
by qPCR of Pdx1 at different time intervals (O h, 6 h, 12 h,
24 h, and 48 h). Wherein, approximately 70% knockdown
of Pdxl is observed at 24 h. For immunofluorescence
studies (Pdx1 localization), cells were divided into five
groups as follows: (1) Control—RINS5-F cells were culture
with RPMI-1640 medium; (2) Scrambled—RINS-F cells
were treated with scrambled siRNA (30 pmol); (3) High
glucose (HG)—RINS-F cells were culture in RPMI-1640
medium with high glucose (25 mM) concentration for
48 h; (4) siRNA—RINS-F cells were treated with Pdx1-
specific siRNA(30 pmol) alone for last 24 h; (5)
siRNA + GA—RINS-F cells were treated with Pdx1-
specific siRNA and 1 pM GA for last 24 h; (6) HG +
siRNA + GA—RINS-F cells were treated with HG
(25 mM) for 48 h, transfected with Pdx1-specific siRNA
and for the last 24 h co-treatment with 1 uM GA. At the
end of the experiment period, cells were washed with PBS
and analysed for the localization of Pdx1 by immunofluo-
rescence assay. Pdx1 localization was used to elucidate the
mechanism of GA in the activation of Pdx1.

2.10 Immunofluorescence

Cells were seeded onto chambered slides upon coverslip.
After 24 h, the RINS-F cells were treated with GA for 24 h,
and then the RINS5-F cells were washed thrice with PBS for
5 min and fixed with 400 pl of 4% formaldehyde in PBS
for 20 min at room temperature. The cells were perme-
abilized with 0.25% Triton-X-100 for 10 min and rinsed

thrice with PBS. Then the cells were blocked with 1% BSA
in PBS-T (0.1% Tween-20) for 30 min and were treated
with primary antibody (1:1000) at 4 °C at the humid
chamber overnight. After rinsing with PBS thrice, the cells
were incubated with an Alexa Fluor-conjugated secondary
antibody (1:1000) for 1 h at dark and counterstained with
Hoechst for 10 min. Finally, rinsed with PBS and the slides
were mounted. Immunofluorescence images were captured
by fluorescence microscope using a 40 x objective.

2.11 Statistical analysis

The statistical data are presented as Mean + Standard
Error of Mean (SEM). Differences between each group
were analysed by one-way analysis of variance (ANOVA)
using the Graphpad Prism version 8.0. Tukey’s post-hoc-
test was performed for inter-group comparisons; Group 2
rats are compared with group 1 rats; Group 3 rats are
compared with group 2 rats. Statistical significance repre-
sented with asterisks (*represents p < 0.05, **represents
p < 0.01, ***represents p < 0.001, " no significant).

3 Results

3.1 Effects of GA on FBG, plasma insulin
and insulin mRNA levels

The increased sugar level is the critical hallmark for dia-
betes. Our results on fasting blood glucose (FBG) depicted
a substantially increased (p < 0.001) level in diabetic rats
compared with that of control rats at different intervals of
the experimental period. On the other hand, diabetic rats
treated with GA exhibited a significant decrease
(p < 0.001) in FBG levels on day 15th and day 30th when
compared with that of the untreated group (Fig. 1A). In
addition to increased FBG, diabetic rats also presented with
reduced plasma insulin levels and decreased insulin mRNA
expression in the pancreatic tissues. However, diabetic rats
administered with GA exhibited significantly (p < 0.001)
increased plasma insulin (Fig. 1B) and higher pancreatic
insulin mRNA levels (Fig. 1C) compared to diabetic rats.
Therefore, our data suggest that the gymnemic acid can
control blood glucose and improve plasma insulin levels in
GA treated rats.

3.2 Impact of GA on histopathological
and immunohistochemical analysis of insulin
in rat pancreas

The histopathological examination of pancreatic tissues

from control rats showed a distinctive cellular structure of
the pancreas. In comparison, diabetic rats indicated severe
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vacuolation and devastation of the islets. However, diabetic
rats supplemented with GA depicted a lessened cellular
degeneration of pancreatic islets than diabetic rats
(Fig. 2A). Immunohistochemical analysis of insulin in the
pancreas of various experimental groups showed positive
insulin expression in control rats, while the number of
positive insulin expression was found to be decreased in
the diabetic rats. A remarkable restoration was observed in
the GA treated diabetic rats compared to streptozotocin
treated animals (Fig. 2B).

3.3 Beneficial role of GA on pancreatic -cell
regenerative markers in pancreas
of experimental rats

To study the effect of GA on B-cell regeneration, the
mRNA and protein expression studies were performed in
pancreatic tissues. Our results revealed that the expressions
(Pdx1, Neurogenin 3, MafA and NeuroD1) were signifi-
cantly reduced at the levels of both transcription (p < 0.01)
and translation (p < 0.001) in response to streptozotocin
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administration. Impressively, we observed a significant
increase in expression of B-cell regeneration markers in
GA treated diabetic rats (Fig. 3A, B), emphasizing the role
of GA in boosting the B-cell regeneration by modulating
regenerative markers.

3.4 Effects of GA on cell cycle markers and E-
cadherin, B-catenin, PI3K, AKT, pAKT,
FOXO01, GSK3p in rat pancreas

We performed immunoblot analysis for E-cadherin, -
catenin, PI3K, AKT and pAKT, and cell cycle progression
markers such as Cyclin D1 and CDK4 in the pancreas of
various experimental rats. Downregulated protein expres-
sions were observed for E-cadherin, B-catenin, PI3K, AKT,
pAKT and cell cycle markers (Cyclin D1 and CDK4) and
upregulated protein expression were detected in cell cycle
inhibitor proteins (FOXO1, GSK3p, and p21°P') in dia-
betic rats. Nevertheless, upon GA treatment to diabetic rats
showed significantly higher expressions of E-cadherin, [-
catenin, PI3K, AKT, pAKT, Cyclin D1 and CDK4, and
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Fig. 2 A Pancreatic tissues histology of diabetic rats and treatment
with GA (H & E x 40). Group 1 (G1)—Tissue section of control rats
showed normal cellular architectures with the islet (dotted line) of
Langerhans and healthy blood vessels. Group 2 (G2)—STZ induced
diabetic rats showed severe vacuolation, degranulation, and massive
destruction of the islets were observed (arrowheads). Group 3 (G3)—
Diabetic rats supplemented with gymnemic acid showed significant
improvement in cellular architecture with reduced degeneration of

reduced expression levels of FOXO1, GSK3B and p21¢P!
(Fig. 4A-C). These data revealed that GA promotes the
proliferation of B-cells and maintains the islet architecture
via persuading the expression of E-cadherin, B-catenin, and
PI3K/AKT.

3.5 Role of GA in modulating insulin mRNA
expression and Pdx1 in RINS-F cells exposed
to high glucose

Pdx1 is generally involved in the regulation of insulin
transcription, B-cell neogenesis, proliferation, differentia-
tion and B-cell functioning. Therefore, to explore the
insulin mRNA expression and cellular localization of Pdx1
were carried out in high glucose exposed RINS-F cells. The
lowered expressions of Pdx1 and insulin were witnessed in
high glucose exposed cells than that of the control cells.
While GA treatment to high glucose exposed cells showed
slightly higher nuclear localization of Pdx1 and increased
insulin mRNA expression than that of high glucose
exposed cells (Fig. 5A, B). This results evidence that GA is
capable to assist in B-cell regeneration and its function by
eliciting expression of Pdx1 and insulin in RINS5-F cells.

Y RN
f"ﬁxf\‘ﬁ:‘.ﬁ‘, :

pancreatic islets. B Immunohistochemistry evaluation of insulin in
pancreatic tissues of experimental rats. G1—Control rats showed the
typical cellular architecture and positive insulin islets (dotted line).
G2—Diabetic rats show a drastic decline of insulin content (arrow-
heads). G3—Diabetic rats treated with gymnemic shows increase of
insulin content (arrowheads) and the moderate number of positive
islets

3.6 Influence of GA on RNAi-mediated gene
silencing of Pdx1 in RINS5-F cells

To confirm the role of GA in stimulating B-cell regenera-
tion by Pdxl, we performed siRNA mediated transient
knockdown of Pdx1 in RINS-F cells treated with/without
high glucose and GA treatment, and the nuclear localiza-
tion of Pdx1 was confirmed by immunofluorescence assay.
The transfection efficiency of siRNA (transient method)
was confirmed by qPCR analysis (Fig. 6A), where cells
transfected with Pdx1 specific siRNA at a concentration of
30 pmol for 24 h, showed a marked decline in the levels of
Pdxl mRNA and this time period was used for further
studies. Cells transfected with scrambled siRNA were used
as a negative control (Fig. 6B). Our immunofluorescent
results demonstrated that Pdx1 siRNA alone treated cells
and high glucose treated cells depicted a decrement in the
expression of Pdx1 when compared to that control cells. On
the other hand, GA treatment to both siRNA and/or high
glucose treated cells recorded a slightly increase in the
levels of nuclear Pdx1 (Fig. 6B). Therefore, our results
suggested that GA enhances f-cell regeneration by
increasing the expression of Pdx1.
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Fig. 3 Pancreatic mRNA and protein expression levels of regener-
ation markers viz. Pdx1, Neurognin 3, NeuroD1, and MafA in GA
treated diabetic rats. A Relative mRNA expression levels and
B protein expression levels. Data are shown as mean = SEM of

4 Discussion

Diabetes is a severe public health problem, with more than
552 million people afflicted by 2030, as a report given by
the International Diabetes Federation [33]. The major life-
threatening diabetic complications such as micro and
macro-vascular diseases, including retinopathy,
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three independent observations in each group. Group 2 compared with
Group 1; Group 3 compared with Group 2. Statistical significance
represented with asterisks (*represents p < 0.05, **represents
p < 0.01, ***represents p < 0.001, ™ no significant)

neuropathy, and nephropathy are associated with an
uncontrolled hyperglycemic condition in diabetic patients
[34]. The challenges in insulin therapy, initial therapeutic
treatment for TIDM have made the researchers work on
several small molecules that mediate self-renewal, lineage
differentiation, reprogramming, and regeneration of -cells
[35]. Various studies emphasized the anti-diabetic proper-
ties of phytochemicals obtained from plants, promoting
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Fig. 4 GA mediated activation
of PI3K/AKT and cell cycle
proliferative markers in various
experimental groups.

A Immunoblot analysis of
E-cadherin, B-catenin, PI3K,
AKT, pAKT and B FOXOI,
GSK3B. C Cell cycle markers
Cyclin D1, CDK4, and p21°P",
Data are shown as

mean + SEM of three
independent observations in
each group. Group 2 compared
with Group 1; Group 3
compared with Group 2.
Statistical significance
represented with asterisks
(*represents p < 0.05,
**represents p < 0.01,
*kkrepresents p < 0.001, ™ no
significant)
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Fig. 5 Effect of GA on insulin

and Pdx1 in RIN-5F cells. A
A Insulin mRNA expression and
B Cellular localization Pdx1 in
RIN-5F cells treated with/
without high glucose and GA
treatment (Magnification 40X)
B Hoechst
E
-
=
=]
@)
Q
o
et
&)
+
O
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pancreatic B-cell functions [36, 37]. However, scientific
evidence in the biological mechanism behind their B-cell
reprogramming and regeneration has not been established.
As a result of which these small molecules cannot be taken
up widely accepted as a drug. The current study investi-
gated the PB-cell regeneration in streptozotocin-induced
diabetic rats after exogenous oral supplementation of GA.
Induction of diabetes was confirmed by hyperglycemia and
supplementation with GA consistently brought down FBG
levels on 15" and 30™ days in GA treated rats. These
observations demonstrated the anti-diabetic potential of
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GA, which is consistent with our previous report of the
glucose-lowering effect of GA in high-fat diet induced
diabetic rats [27]. The simultaneous increase in the plasma
insulin along with the increased insulin mRNA expression
in the rat pancreas might suggest the potential of GA to
control hyperglycemia by increasing the insulin secretion
in the GA-treated rats and obtained a similar observation of
insulin expression in invitro studies, where high glucose
exposed RINS-F cells treated with GA showed increased
insulin expression.
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Fig. 6 A The siRNA
transfection efficiency analysis
by qPCR. Cells were transfected
with scrambled (Scr) siRNA
and siRNA targeting Pdx1 for
various experimental time (6 h,
12 h, 24 h, 48 h and 72 h).
Statistical significance
represented with asterisks
(*represents p < 0.05,
**represents p < 0.01,
**¥represents p < 0.001, ™ no
significant). B Influence of GA
on RNAi mediated gene
silencing of Pdx1 in RIN-5F
cells. Cells were transfected
with scrambled (Scr) siRNA
and siRNA targeting Pdx1 for
24 h in the concentration of
30 pmol. Subcellular
localization of Pdx1 in RNAi
mediated transient knockdown
in RIN-5F cells along with
treated with/without high
glucose and GA treatment
(Magnification: 40x)
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Reprogramming non B-cells into insulin producing f-
like cells is a possible regenerative approach for T1D
therapy [38]. The regeneration processes could be induced
by replicating pre-existing [-cells, neogenesis from
endogenous progenitors, or trans-differentiation from dif-
ferentiated non B-cells, revealing a surprising degree of cell
plasticity in the mature pancreas [39, 40]. Furthermore,
reports indicated neogenesis of B-cell in adult rodents after
inducing pancreatic injury by streptozotocin [41], partial
pancreatectomy [42], pancreatic duct ligation [43], cello-
phane wrapping of the pancreas head [44], and in sucrose-
induced insulin resistance [45]. Although the mechanism
for the B-cell regeneration through neogenesis has not been
clarified, transdifferentiation into B-cells from duct cells,
acinar cells, centro acinar cells, and other endocrine cells
such as a cells and o cells has been reported [46].

Several transcription factors (TFs) such as Pdx1, Neu-
rogenin 3, MafA, NeuroD1 were reported to play a role in
the development of endocrine cells in the pancreas [47]. In
addition, Pdx1 is implicated in B-cell neogenesis, being
expressed in the duct and duct-associated cells in models of
pancreas regeneration [48—50]. Holland et al., reported that
Pdx1 expression was associated with increased cell pro-
liferation primarily in the exocrine pancreas and upregu-
lation of genes involved in pancreas regeneration [51].
Furthermore, the enforced simultaneous expression of three
key developmental transcription factors, Pdx1, Neurogenin
3, and MafA, induced acinar to PB-cell conversion and
rescued hyperglycemia in streptozotocin-induced diabetic
animals [52]. The present study showed that the reduced
relative mRNA and protein expression levels of pancreatic
regenerative markers such as Pdx1, Neurogenin 3, MafA
and NeuroD1 in diabetic rats with upregulation of these
markers on supplementation with gymnemic acid in dia-
betic rats. In supporting this statement, Zhou et al., reported
re-expressing these critical regulators of B-cell develop-
ment Pdx1, Neurogenin 3, NeuroD1 and MafA can be
reprogramming pancreatic exocrine cells into cells that
closely resemble B-cells in adult mice [53]. Thereby it’s
clear that reduced expression of Pdx1 is contributing to B-
cell loss and dysfunction in diabetes. Thus, promoting the
expression of Pdx1 can be an effective strategy to conserve
B-cell mass and function [54]. During glucotoxicity and
lipotoxicity, the expression of Pdx1 in pancreatic islets is
significantly reduced [55]. Similarly, in our in vitro study
on high glucose treated RINS-F cells, there was a decreased
expression of Pdx1, while reverted upon GA supplemen-
tation. To further confirm the GA mediated upregulation of
Pdx1, we conducted a siRNA-mediated gene silencing of
Pdx1 in RINS-F cells, where GA treatment in Pdx1
silenced cell dictates slightly increased Pdx1 level, sug-
gesting the ability of GA to restore Pdx1 expression. So,
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both our in vitro and in vivo experiments demonstrated that
GA enhanced B-cell regeneration via Pdx1 activation.
The correlation between E-cadherin and insulin levels in
adult rodent B-cells suggests the importance of tight cell-
to-cell junctions for the function of B-cells [5S6]. Numerous
studies reported that the normal insulin secretory responses
are consequences of islet aggregations, mediated by a
principal adhesion molecule found in islets of Langerhans
called E-cadherin (ECAD), which maintains islet archi-
tecture [57, 58] and insulin secretion [59, 60]. So, we
analyzed ECAD levels in the various experimental groups,
where we obtained a significant upregulation of ECAD in
GA supplemented rats, indicating its capability of restoring
islet architecture via ECAD. The same has been confirmed
by histopathological and immunohistochemical examina-
tion of islet architecture in treated and untreated rats with
the notable restoration of islet architecture in GA-treated
rats. Thus, E-cadherin has been shown to play an essential
role in developing and maintaining epithelial morphology,
cell differentiation, migration proliferation, and apoptosis
[61]. The results from the western blot analysis observed an
increased expression of B-catenin in GA-treated diabetic
rats compared to streptozotocin treated rats. The above
observations collectively represent the role of GA in
maintaining the architecture and B-cell proliferation by
upregulating the ECAD and [-catenin. In addition,
E-cadherin-mediated cell-cell adhesion is augmented by
short-term [B-catenin activation in association with PI3K/
AKT signaling and enhances human embryonic stem cells
(hESC) self-renewal and cell proliferation [62]. Fatrai
et al., reported the B-cell proliferation via Akt activation in
a CDK4-dependent manner by regulating Cyclin D1, D2
and p21 [63]. Furthermore, Kushner et al., reported the
preservation of B-cell mass most predominantly from the
proliferation of pre-existing -cell depends on activation of
the Cyclin DI/CDK4 complex [64]. Interestingly, we
observed that the levels of cell cycle markers such as
Cyclin D1, CDK4 and AKT, pAKT were upregulated in the
GA-treated group while cell cycle inhibitor p21°P! is
downregulated. This is a further promising observation that
suggested the role of GA in promoting B-cell proliferation
via PI3K/AKT activation. Besides this activation, it is an
essential regulator of the pancreatic B-cells mass and
function [65]. Furthermore, studies by Norman and Cecilia
suggest that the proteins such as FOXO1 and GSK3-f are
critical cell cycle regulators that negatively regulate pro-
liferative and cell survival signals in response to the acti-
vation of PI3K/AKT signaling pathway [66]. Our study
also showed decreased levels of GSK3p and FOXO1 in GA
treated rats compared to the diabetic rats. Collectively, our
observations reported that GA administration could have
been responsible for B-cell proliferation and survival.
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In conclusion, the present study points out the plausible
role of GA in maintaining normoglycemia in diabetic rats
by boosting the insulin secretion via B-cells regeneration
markers (Pdx1, Neurognin 3, MafA and NeuroD1) and
consecutively maintaining the proliferation through
upregulation of PI3K/AKT, ECAD and B-catenin, which
also maintains islet’s architecture by cell adhesion. More-
over, further studies are warranted to check whether GA
can modulate the other diabetic complication in diabetic
rats.
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