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Abstract

A role of Retinol Binding Protein-4 (RBP4) in insulin resistance is widely studied. However, there is paucity of information
on its receptor viz., Stimulated by Retinoic Acid-6 (STRA6) with insulin resistance. To address this, we investigated the regu-
lation of RBP4/STRAG6 expression in 3T3-L.1 adipocytes exposed to glucolipotoxicity (GLT) and in visceral adipose tissue
(VAT) from high fat diet (HFD) fed insulin-resistant rats. 3T3-L1 adipocytes were subjected to GLT and other experimental
maneuvers with and without vildagliptin or metformin. Real-time PCR and western-blot experiments were performed to
analyze RBP4, STRAG6, PPARY gene and protein expression. Adipored staining and glucose uptake assay were performed to
evaluate lipid and glucose metabolism. Oral glucose tolerance test (OGTT) and Insulin Tolerance Test (ITT) were performed
to determine the extent of insulin resistance in HFD fed male Wistar rats. Total serum RBP4 was measured by quantitative
sandwich enzyme-linked immunosorbent assay kit. Adipocytes under GLT exhibited significantly increased RBP4/STRA6
expressions and decreased insulin sensitivity/glucose uptake. Vildagliptin and metformin not only restored the above but
also decreased the expression of IL-6, NFkB, SOCS-3 along with lipid accumulation. Furthermore, HFD fed rats exhibited
significantly increased serum levels of RBP4 along with VAT expression of RBP4, STRA6, PPARY, IL-6. These molecules
were significantly altered by the vildagliptin/ metformin treatment. We conclude that RBP4/STRAG6 pathway is primarily
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involved in mediating inflammation and insulin resistance in adipocytes and visceral adipose tissues under glucolipotoxicity

and in insulin resistant rats.
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Abbreviations

RBP4 Retinol Binding Protein-4

STRA6  Stimulated by retinoic Acid 6

GLT Glucolipotoxicity

VAT Visceral Adipose Tissue

NPD Normal Pellet Diet

HFD High Fat Diet

JAK Janus Kinase

STAT Signal Transducer and activator of
Transcription

PPARa/y Peroxisome proliferator-activated receptor
alpha/gamma

IBMX Isobutyl methylxanthine

cAMP Cyclic adenosine 3',5'-cyclic monophosphate

Introduction

Retinol binding protein-4 (RBP4) is a liver and adipocyte
specific transport protein, playing a major role in medi-
ating insulin resistance and inflammation [1]. Increased
mRNA and protein levels of RBP4 along with higher
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expression of gluconeogenic enzymes has been reported
in insulin resistant GLUT4-KO mice models [2]. Molecu-
lar basis of these mechanisms was not fully understood;
however, it was shown later that RBP4 mediate its action
via its membrane receptor viz., Stimulated by retinoic acid
6 (STRAG6), which activates JAK2/STATS pathway and
thereby inhibit insulin signalling [3, 4]. Study on another
RBP4 receptor, RBPR2 suggests a possible role of it in
mediating metabolic actions of RBP4 in liver and fat
tissues [5]. In vivo studies using STRA6 null mice also
showed that STRA6 contributes to high fat diet-induced
insulin resistance [3]. Another study reported that STRA6
null mice exhibits decreased body weight, fat mass, lep-
tin and insulin levels which might be attributed to the
increased insulin sensitivity in STRA6™~ mice [6]. One
study has also suggested that STRAG6 is very crucial for
adipogenesis, and cells depleted with the STRAG6 lost
their adipogenicity even in the presence of RBP4 [7]. This
implies that STRA6 may be necessary for RBP4 to medi-
ate insulin resistance and STRAG6 activation is linked to
inhibition of insulin receptor responses in white adipose
tissue.
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“Asian Indian Phenotype” refers to the unique clinical
and bio-chemical abnormalities in Indians that includes
high insulin resistance and abdominal adiposity despite
lower body mass index leading to increased vulnerability
for the development of diabetes and cardiovascular disorders
[8-10]. One of our earlier studies demonstrated increased
circulatory levels of RBP4 linked to insulin resistance,
obesity, impaired glucose tolerance (IGT) as well as type
2 diabetes mellitus (T2DM) [11]. While there are studies
claiming the involvement of RBP4 and STRAG6 in insulin
resistance and glucose homeostasis, there is still lot more to
be explored regarding their mechanistic action(s) and what
downstream molecules takes part in this process. Also, there
is a lack of knowledge on the effect of the existing anti-dia-
betic drugs specifically—Metformin (an insulin sensitizer)
and Vildagliptin (an insulin secretagogue) on RBP4/STRA6
alterations. Earlier, both these drugs were shown to inhibit
transcriptional activities of PPARa & PPARy [12] and RBP4
promoter was shown to be activated by the transcription fac-
tors like cAMP, PPARa and PPARY [13]. Therefore, in the
present study, we are investigating the regulation of RBP4/
STRAG expression in 3T3-L1 adipocytes exposed to glucoli-
potoxicity and in visceral adipose tissue (VAT) from high
fat diet (HFD) fed insulin-resistant rats in the absence and
presence of vildagliptin or metformin.

Materials and methods

3T3-L1 fibroblasts culture, differentiation
and treatment regimen

3T3-L1 mouse fibroblasts were procured from ATCC (USA)
and were induced to differentiate into mature adipocytes
by standard procedures [14] and we have used cells with
passage number less than 20. Briefly, cells were grown to
80% confluence in DMEM (Gibco, Thermofisher Scientific,
USA) containing 10% fetal bovine serum (FBS). Differen-
tiation was induced by incubating the cells in fresh DMEM
containing 1 uM dexamethasone, 10 pg/ml insulin (Milli-
pore Sigma, USA), 0.5 mM isobutylmethylxanthine (IBMX)
(Millipore Sigma, USA), and 10% FBS for 3 days. Cells
were then maintained for another 6 days in DMEM with
10% FBS, and 10 pg/ml insulin. The cells used for experi-
mentation were more than 80% differentiated as determined
visually.

For glucolipotoxicity (GLT) treatment, cells were serum
starved for 4 h and then exposed to high glucose (25 mM)
and palmitate (500 uM) for 6 h. Palmitate was prepared by
complexing with albumin. Briefly, sodium palmitate was
dissolved in pre-heated NaOH (0.1 M) and then complexed
with 10% BSA at 55 °C as described elsewhere [15, 16].
Cells were treated with vildagliptin (100 nM) and metformin

(1 mM) as reported previously [17, 18] (Glenmark Pharma-
ceuticals, Mumbai, India) along with GLT. For the experi-
ments performed with PPARY inhibitor-GW9962, cells were
treated with vildagliptin and GW9962 (10 uM) separately
for 6 h.

Quantitative real-time PCR

Total RNA was prepared from the adipocytes using TRIzol
reagent (TaKaRa, Japan) according to the manufacturer’s
instructions. Complementary DNA was prepared from the
isolated RNA by reverse transcribing 1 pg of total RNA
using reverse transcriptase enzyme (Thermoscientific,
Waltham, USA), and random hexamer primers (IDT, USA).
Real time quantitative PCR was performed on a Light-cycler
(Roche, Basel, Switzerland) with appropriate cycle condi-
tions using SYBR Premix Ex Taq II (TaKaRa, Japan) and
using appropriate sets of forward and reverse primers (Sup-
plementary Tables 1 and 2). Relative quantification of gene
transcripts was calculated using 2~22* method and normal-
ized to P-actin transcripts. Negative controls were run as
well to ensure the absence of contamination.

Western blot analysis

Cells were harvested from the culture plates using RIPA
lysis buffer (Thermoscientific, Waltham, USA) supple-
mented with protease and phosphatase inhibitors. Equal
amount of protein (30 pg of protein) was loaded per lane and
were separated by SDS-PAGE; transferred to Polyvinylidene
difluoride (PVDF) membrane (Millipore, Burlington, USA);
and incubated with specific primary (overnight) and second-
ary antibodies (1 h) dissolved in TBST. Primary antibodies
for phospho-AKT (ser473), and AKT were purchased from
Cell signaling (Danvers, USA); RBP4 and STRA6 were
procured from Enzo Life Science (Farmingdale, USA) and
Novus Biologicals (Littleton, USA), respectively. adiponec-
tin, TNFa, IL-6, MCP-1, GLUT-4 were purchased from
Santa Cruz (Dallas, USA). PPARy was purchased from
Abcam, Cambridge. HRP-conjugated secondary antibod-
ies were purchased from Santa Cruz (Dallas, USA). Bands
were visualized using enhanced chemiluminescent reagent
using BioRad gel dock instrument (BioRad, Hercules, USA).
Images of the band intensity were quantified using Image J
software. Data are represented as relative protein expression
i.e., the ratio of test protein and f-actin.

Adipored staining
Differentiated 3T3-L1 cells were treated with GLT in the
presence and absence of vildagliptin or metformin for 24 h.

Then the cells were washed twice with PBS and fixed with
4% paraformaldehyde for 30 min followed by three times
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PBS wash and permeabilized using 0.25% triton X-100.
Following permeabilization, cells were washed again with
PBS, and incubated with adipored (Lonza, Basel, Swit-
zerland) or 15 min in the dark. Finally, cells were washed
with PBS and mounted on the slides using DAPI-mounting
medium (Fluoroshield with DAPI, MilliporeSigma, St.
Louis, USA). The fluorescent images were obtained using a
Confocal Laser Scanning microscope (Carl-Zeiss LSM 700,
Oberkochen, Germany) with a X 60 objective.

Glucose uptake assay

Equal number of cells were propagated in 12-well plates
(2% 10* cells/well) and differentiated with standard proto-
col. Cells were treated with GLT for 6 h with and without
vildagliptin or metformin, prior to the start of glucose uptake
experiment. 2-NBDG glucose uptake was performed based
on the method described previously [19]. Briefly, cells were
washed with Krebs—Ringer Buffer (KRB) without glucose
(supplemented with 0.1% BSA and CaCl,), and stimulated
with 100 nM insulin for 30 min in appropriate wells except
control. Cells were then treated with 40 uM 2- 2-(N-(7-Ni-
trobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose
(NBDG, BioVision, San Francisco, USA) in the same media
for 1 h. After incubation, free 2-NBDG was washed off with
KRB buffer from the cells. Finally, cells were then lysed
with lysis buffer (20 mM Tris, 1% Sodium deoxycholate,
40 mM KCL) and gently homogenized with 100% DMSO.
The contents of the lysed cells were transferred to 96-well
fluorescence plate and read at excitation wavelength of
485 nm and emission wavelength of 535 nm.

Animal study

All animal experiments were carried out in compliance
with National Institutes of Health guide for the care and
use of Laboratory animals (NIH Publications No. 8023,
revised 1978) as well as with the regulations specified by
the Committee for the Purpose of Control and Supervision
on Experiments on Animals (CPCSEA, Govt. of India) and
approved from the Institutional Animal Ethics Committee.
Male Wistar rats (10—12 weeks of age) were divided into
five groups (n=6 each) and blood glucose were measured
at the beginning of the study. The groups comprised of rats
fed with (1) Normal Pellet diet (NPD), (2) High fat diet
(HFD; 65% Kcal from fats), (3) HFD + Vildagliptin (3 mg/
kg of body weight) (Prophylactic), (4) HFD + Vildagliptin
(Therapeutic) (3 mg/kg of body weight). (5) HFD + Met-
formin (Therapeutic) (150 mg/kg of body weight). Dosage
was selected as per the previous study [20]. Prophylactic
treatment started along with HFD treatment, before the onset
of insulin resistance and was given for 24 weeks Therapeu-
tic treatment started after the onset of insulin resistance in
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Wistar rats and was given for 16 weeks. NPD and HFD diets
were custom-made and procured from the National Institute
of Nutrition (NIN), Hyderabad, India. At 24th week, fasting
blood samples were collected to estimate the biochemical
markers and then the animals were euthanized and visceral
adipose tissue (VAT) were excised and stored at — 80 °C.
Gene expression and protein expression studies were per-
formed as explained above. Biochemical assays were per-
formed by standard protocols.

Insulin tolerance test (ITT) and oral glucose
tolerance test (OGTT)

Animals were characterized as insulin resistant by insulin
tolerance test (ITT) and as glucose intolerant by oral glu-
cose tolerance test (OGTT) [21]. Both ITT and OGTT were
performed 60 days after HFD treatment. For ITT, rats were
fasted for 4 h, and insulin (Insulatard-0.5 U/kg/BW) was
administered intraperitoneally followed by the measurement
of blood glucose concentration at different time points. For
OGTT, rats were fasted for 16 h followed by oral administra-
tion of glucose (2.0 g/’kg/BW). The blood was collected from
the tail vein and blood glucose concentration was measured
at different time points (30, 60 and 120 min) by one touch
glucose analyzer (USA).

RBP4 estimation

Total serum RBP4 (sum of all the RBP4 isoforms including
holo-RBP4 and apo-RBP4 present in the circulation) was
measured by quantitative sandwich enzyme-linked immu-
nosorbent assay (ELISA) (Cusabio, China) according to
the manufacturer’s instructions. The values are expressed
in ng/ml. The intra- and inter-assay coefficients of variation
were < 5% and < 10%, respectively.

Statistical analysis

Differences were evaluated by one-way analysis of variance
(ANOVA) using GraphPad Prism, Version 5 (GraphPad
Software Inc., CA, USA) and a p value < 0.05 was consid-
ered as statistically significant.

Results

Vildagliptin and metformin down-regulate
GLT-induced RBP4 and STRA6 expression in 3T3-L1
adipocytes: involvement of PPARy

We first studied the effects of GLT on RBP4, STRAG6, and
PPARY gene expression in 3T3-L1 adipocytes. We found
that GLT significantly increased RBP4, STRA6, and PPARY
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mRNA expression levels while vildagliptin or metformin
treatment reduced their expressions in the GLT treated adi-
pocytes (Fig. 1A—C). Consistent with the mRNA expression
data, protein expression of RBP4, STRA6, and PPARy were

also increased in GLT treated cells, while vildagliptin and
metformin treatment significantly (p <0.05) reduced these
modulations made by GLT (Fig. 1D, E).
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Fig.1 mRNA expression patterns of RBP4 (A), STRA6 (B), &
PPARy (C) in 3T3-L1 adipocytes under different experimental con-
ditions. Representative protein expression blot for RBP-4, STRA-6,
and PPARY along with pB-Actin (D). Cumulative protein expression
data of RBP4, STRA6, and PPARY (E). *p <0.05, compared to their
corresponding Control., #p<0.05, compared to their correspond-
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GW9962 (10 uM) or Vildagliptin (100 nM) for 6 h. Representative
protein expression blot for PPAR-y, RBP-4 and STRA-6 along with
B-Actin (F). Cumulative protein expression data of PPARy, RBP-4,
and STRA-6 (G). Results are expressed as mean+ SEM of minimum
three independent determinations. *p<0.05, compared to their cor-
responding Control
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Since both vildagliptin and metformin treatment was
effectively found to reduce both PPARYy and RBP4 protein
expression in 3T3-L1 adipocytes in the presence of GLT,
we next examined whether PPARY instigate any effect
on RBP4 expression. We used specific PPARy inhibitor-
GW996 and observed that GW996 significantly reduced
(p <0.05) both PPARY and RBP4 protein expression in
3T3-L1 adipocytes compared to untreated cells (Fig. 1F,
G), suggesting that downregulation of RBP4 expression
by vildagliptin could be by inhibiting PPARYy. We also
observed that both GW996 and vildagliptin were able to
down-regulate STRAG6 protein expression; however, the

effect of GW996 on STRAG6 could not reach statistical
significance (Fig. 1F, G).

Effect of vildagliptin and metformin on GLT induced
inflammation in 3T3-L1 adipocytes

Since RBP4 is linked to inflammatory network, we also
studied several inflammatory signatures along with RBP4.
We observed that there was significant increase in the
pro-inflammatory mediators viz., TNFa (2A), IL-6 (2B),
NFxB (2C), and SOCS-3 (2D) by the GLT treatment.
Treatment with vildagliptin and metformin significantly
(p<0.05) reduced GLT induced mRNA expression of these
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Fig.2 mRNA expression patterns of TNFa (A), IL-6 (B), NFkB (C),
and SOCS-3 (D) in 3T3-L1 adipocytes in different experimental con-
ditions. Protein expression patterns of TNFa, and IL-6 along with
B-Actin (E). Cumulative protein expression data of TNFa and IL-6
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pro-inflammatory markers. (Fig. 2A-D). Consistent with
mRNA data, protein expression profiles of TNFa and IL-6
were also up-regulated in GLT treated cells (Fig. 2E). Treat-
ment with vildagliptin or metformin significantly reduced
(p <0.05) protein expression of TNFa whereas IL-6 protein
expression was significantly reduced (p < 0.05) only by met-
formin treatment (Fig. 2E, F).

Effect of vildagliptin and metformin on glucose
uptake and lipid accumulation in 3T3-L1 adipocytes

While insulin stimulated glucose uptake was impaired in
adipocytes subjected to GLT treatment, both vildagliptin
and metformin significantly increased the insulin stimu-
lated glucose uptake in adipocytes even in the presence of
GLT (Fig. 3A). While metformin was well known for its
insulin sensitising effects in adipocytes [17], vildagliptin

Glucose uptake

role was still not tested in this regard. We observed that
vildagliptin synergistically enhanced pAKT expression
in the presence of insulin in 3T3-L1 adipocytes (Fig. 3B,
C) which emphasizes that vildagliptin stimulation of glu-
cose uptake in 3T3-L1 adipocytes might be mediated by
increased pAKT expression.

Apart from inflammation, impaired lipid accumulation
is another factor for the induction of insulin resistance in
adipocytes. PPARy and PGC-1a are two important genes
that promote fatty acid synthesis and lipid accumulation
in adipocytes. Both PPARY and its co-activator PGC-1a
gene expression were increased in the presence of GLT,
while vildagliptin or metformin treatment significantly
(p <0.05) reduced both PPARYy and PGC-1a gene expres-
sion (Figs. 1C and 3D) in 3T3-L1 adipocytes. Besides
these, vildagliptin or metformin was also found to sig-
nificantly (p <0.05) reduce lipid accumulation as evident
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from the adipored staining in 3T3-L1 adipocytes under
GLT treatment (Fig. 3E, F).

Clinical characteristics of the study animals
and assessment of insulin tolerance test (ITT)
and oral glucose tolerance test (OGTT)

Clinical and biochemical status of the study groups is
provided in Supplementary Table 3. Significant eleva-
tion (p <0.05) of body weight, fasting plasma glucose
(FPQG), total cholesterol, and serum triglyceride levels
were observed in HFD fed insulin resistant rats compared
to normal pellet diet (NPD) group. Prophylactic treatment
with vildagliptin which is concurrently started with HFD
significantly reduced serum cholesterol and triglyceride
levels, however, no change was observed in FPG levels in
prophylactic vildagliptin treatment group. Therapeutic treat-
ment with vildagliptin significantly reduced FPG and serum
triglyceride levels compared to HFD group, whereas met-
formin treatment significantly reduced cholesterol levels. No
treatment has significantly altered HDL cholesterol levels. A
significant reduction (p <0.05) in body weight was observed
in all the treatment groups compared to the HFD group.

To study the changes in insulin sensitivity, we measured
the dynamic characteristics of blood glucose after insulin
injection in rats fed with NPD (or) HFD for 12 weeks by
[20] insulin tolerance test (ITT). Compared to NPD ani-
mals, glucose disposal curve depicts a sharp increase (p
for trend, < 0.05) in glucose values in HFD animals when
injected with the same concentration of insulin confirming
the loss of insulin sensitivity (Fig. 4A).

Oral glucose tolerance test (OGTT) was employed to
determine the glycaemic responses to exogenously admin-
istered glucose in rats fed with NPD (or) HFD diet before
starting the treatment regime. Compared to the NPD
group, rats fed with HFD exhibited more glucose levels
at all the time points during OGTT (p for trend, < 0.05),
demonstrating that HFD-fed animals become glucose-
intolerant (Fig. 4B).

In vitro relevance of our findings central to the role
of RBP4/STRAG are also demonstrated in high-fat fed
diabetic rats from different treatment groups. Total serum
RBP4 levels were significantly increased (p <0.05) in
HFD fed rats compared to the NPD group (Fig. 4C). A sig-
nificant reduction (p < 0.05) in RBP4 levels were observed
in the prophylactic vildagliptin treatment group compared
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Fig.4 Blood glucose values during insulin tolerance test (ITT)
in NPD and HFD condition at different time points (all values are
mean+SEM) (A). Glucose excursion pattern measured during oral
glucose tolerance test (OGTT) in NPD and HFD condition under
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Therapeutic

the experimental condition at different time points (all values are
mean+SEM) (B). C Serum levels of RBP4 in rats treated with dif-
ferent drugs. Data presented as mean+ SEM. *p <0.001, compared to
NPD; #p <0.05, compared to HFD
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to HFD group. Therapeutic vildagliptin and metformin
treated groups were also exhibited reduced serum RBP4
levels compared to the HFD group; albeit this could not
reach statistical significance.

Expression levels of RBP4, PPARy and other
pro-inflammatory genes in the visceral adipose
tissue (VAT) of the study rats

mRNA expression of RBP4, STRA6, TNFa, IL-6, PPARY,
FASN, ATGL, and HSL were found to be significantly
(p <0.05) up-regulated in VAT of HFD fed insulin resist-
ant, glucose intolerant rats (Fig. SA—H). Prophylactic vilda-
gliptin administration significantly (p < 0.05) reduced RBP4,
TNFa, IL-6, PPARY, ATGL, & HSL (data not significant)
gene expression in VAT of HFD fed rats. Therapeutic treat-
ment with vildagliptin and metformin significantly (p <0.05)
reduced the expression of RBP4, STRA6, TNFa, and IL-6
gene expression in VAT of HFD fed rats. Therapeutic treat-
ment with vildagliptin is more beneficial in regulating
PPARYy and FASN gene expression and controlling lipid
accumulation in VAT from HFD fed rats, whereas therapeu-
tic metformin treatment regulated lipolysis more efficiently
in HFD fed rats as evident by the reduced expression of
ATGL and HSL expression in VAT.

Consistent with mRNA expression, HFD-fed animals
also showed increased protein expression of RBP4, PPARY,
and IL-6 in VAT samples. Both prophylactic & therapeutic
vildagliptin and metformin treatment reduced RBP4 protein
expression albeit without statistical significance (Fig. 51).
Increased PPARY protein expression in VAT from HFD-fed
rats was significantly reduced by all the test agents. IL-6
protein expression was also significantly reduced (p < 0.05)
by both therapeutic vildagliptin and metformin treatment in
HFD-fed rats (Fig. 51, J). Protein expression of GLUT4 was
significantly (p <0.05) down-regulated in HFD-fed animals
whereas all test agents significantly (p <0.05) up-regulated
and normalized GLUT4 protein expression indicating insu-
lin sensitizing role of vildagliptin and metformin in VAT
from the HFD fed rats (Fig. 51, J).

Discussion

The following are the nut-shell findings of our study: (1)
3T3-L1 adipocytes exposed to glucolipotoxicity exhibited
increased RBP4/STRAG6 expression and decreased insulin
sensitivity as evident from decreased levels of pAKT and
glucose uptake. Vildagliptin and Metformin treatment sig-
nificantly restored the above signaling alterations. (2). HFD
fed insulin resistant rats exhibited significantly increased
serum levels of RBP4 as well as their VAT showed signifi-
cant increase in the expression levels of RBP4, STRA-6

and PPARY along with augmentation of inflammatory
markers and impaired levels of GLUT4. Interestingly, all
the above mediators of inflammation and insulin resistance
were significantly reduced in VAT from the rats treated with
either vildagliptin or metformin. The differences in mRNA
and protein expression states in certain molecular signa-
tures could be due to post-transcription/post-translational
modifications.

Elevated levels of RBP4 have been shown linked to
insulin resistance in both animal models and humans [1,
22, 23] with the involvement of JAK-STAT pathway as
well as PPARY in mediating insulin resistance by RBP4
[2]. Increased levels of RBP4 have been shown associ-
ated with insulin resistance, obesity and T2DM in differ-
ent ethnic populations [24, 25]. A recent prospective study
also reported association of serum RBP4 levels and risk of
incident T2DM in individuals with prediabetes [26]. Inter-
estingly, it has been identified that STRAG6 is a membrane
receptor of RBP4, which is responsible for mediating down-
stream effects of RBP4. However, RBP4 has been shown
to mediate insulin resistance by STRA6-independent [27,
28] or STRA6-dependent pathways [29, 30]. Genetic stud-
ies showed that single nucleotide polymorphisms in STRA6
are associated with T2DM [31], raising the possibility that
STRAG plays an important role in metabolic disorders like
type 2 diabetes. In addition, STRA6 has been proposed to
play a role in insulin resistance on the basis of data from
adipose specific STRA6 knockout mouse [5]. Our in vitro
work supports this as 3T3-L1 adipocytes treated with GLT
exhibited increased expression of both RBP4 and STRAG6.

Since, elevated RBP4 and STRAG6 are associated with
altered metabolic states and insulin resistance, lowering
RBP4 and STRA6 would be therapeutically beneficial. We
studied the effect of anti-diabetic drugs, vildagliptin which is
an insulin secretagogue and metformin, an insulin sensitizer.
Both these drugs are very effective in treating hyperglycae-
mia, but their role in reducing obesity associated inflam-
mation and lipid accumulation especially in adipocytes is
poorly understood. Interestingly in our study, both vildaglip-
tin and metformin treatment down-regulates GLT induced
RBP4 mRNA and protein expression, thus alleviating insulin
resistance in 3T3-L1 adipocytes.

PPARY is an important adipogenic transcription factor
involved in promoting lipid accumulation and differentiation
of adipocytes [32]. Heterozygous PPARy-deficient mice are
protected from HFD induced or aging-induced adipocyte
hypertrophy, obesity, and insulin resistance [33]. Interest-
ingly, PPARY is also known to act as a potent transcriptional
activator of RBP4 gene promoter [11]. We observed that in
addition to the action as a RBP4 repressor, both vildaglip-
tin and metformin also reduced PPARYy gene expression in
adipocytes. This indicates that PPARy might play a role in
regulation of RBP4 expression in 3T3-L1 adipocytes. On
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RBP4, PPARy, GLUT4, IL-6 along with p-Actin (I). Cumulative Protein
expression data of RBP4, PPARy, GLUT-4, and IL-6 of minimum six study
animals (J). Results are expressed as mean+SEM. *p<0.05, compared to
their corresponding NPD; #p <0.05, compared to their corresponding HFD

« Fig.5 mRNA expression patterns of RBP4 (A), STRA6 (B), TNFa (C),
IL-6 (D), PPARy (E), FASN (F), ATGL (G), & HSL (H) normalized to
B-Actin in study animals. *p<0.05, compared to NPD; #p <0.05, compared
to HFD. I and J Visceral adipose tissue specific protein expression blots of
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Fig.5 (continued)

co-treatment of PPARY inhibitor-GW9962 with vildaglip-
tin in our experiment, we observed that GW9962 treatment
down-regulated RBP4 expression in 3T3-L1 adipocytes.
This implies that vildagliptin down-regulation of RBP-4
expression could be partly mediated by PPARY in adipo-
cytes; however, this need to be verified in gene-silencing/
KO experiments.

RBP4 is also considered as a pro-inflammatory signature,
as increased expression of RBP4 has been shown associated
with activation of T-cell as well as Antigen presenting cells
(APCs) [34, 35]. RBP4 also stimulates expression of pro-
inflammatory cytokines by activating c-JNK and TLR4 path-
ways in human and mouse macrophages [28]. However, a
study reported by Sell & Eckel, shows that RBP4 production
by human adipocytes were down-regulated by exogenous
treatment of TNF-a [29]. In this context, we observed that
both vildagliptin and metformin are effective in reducing
inflammation in 3T3-L1 adipocytes by reducing transcrip-
tion of TNFa, IL-6 and NF«xB molecules. A recent study has
also reported the beneficial effects of metformin in lower-
ing age-related inflammation, where it has been shown how
metformin could activate autophagy to enhance the activity
of anti-inflammatory regulatory T-cells (Tregs) and thereby
mitigate inflammation [36]. This study is consistent with
our observation where the levels of RBP4 and other inflam-
matory cytokines were significantly reduced by metformin
and this might have been mediated by adipocytes associated
Tregs cells. The reduction in inflammation along with the

reduced expression of RBP4, has positive effects on insulin
sensitivity in adipocytes, although the exact down-stream
molecules that could mediate this process are not yet fully
identified.

In previous studies, it has been shown that RBP4/STRA6
up-regulation was associated with the reduced expression
of pAKT and phosphorylated insulin receptor (pIR) both in
adipocytes and hepatocytes [1, 2]. In the present study, we
reported that vildagliptin has a synergistic effect on insulin
stimulated pAKT expression in 3T3-L1 adipocytes and this
might be originated from the reduced expression of RBP4
under vildagliptin treatment. The increased pAKT expres-
sion is also consistent with the increased glucose uptake
under vildagliptin treatment regime, emphasizing an insulin
sensitizing role of vildagliptin in 3T3-L1 adipocytes.

Lipid metabolism which comprehends lipogenesis and
lipolysis is an important aspect of adipose tissue physiology.
An improvement in lipid homeostasis is associated with both
reduction in inflammation and increased insulin sensitivity
[37-39]. We reported reduced accumulation of lipid droplets
in mature 3T3-L1 adipocytes treated with vildagliptin or
metformin. Reduction in lipid accumulation is also accom-
panied by decreased mRNA expression of PPARY as well as
PGC-1a in vildagliptin and metformin treated cells. Thus,
our study in 3T3-L1 adipocytes emphasizes that vildagliptin
and metformin could beneficially alter RBP4/STRAG6 sig-
nalling in reducing inflammation and improving lipid and
glucose homeostasis.
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Consistent with our in vitro 3T3-L1 adipocytes work,
similar findings were seen in our pre-clinical HFD fed
insulin resistant rats. As HFD is known to mediate insu-
lin resistance in animal models [19], we also observed
that HFD fed rats displayed loss of insulin sensitivity and
become glucose intolerant. Moreover, HFD fed rats also
displayed increased circulatory levels of RBP4, higher
expression of visceral adipose tissue specific RBP4 and
PPARYy along with increased expression of pro-inflam-
matory cytokines compared to VAT from normal pellet
diet (NPD) fed animals. Previous studies have also cor-
roborated this finding that RBP4 circulatory levels are
elevated in HFD fed insulin resistant mice, and links ele-
vated RBP4 levels to increased hepatic PEPCK expres-
sion [21].

Prophylactic vildagliptin treatment seems to be more
effective than therapeutic vildagliptin as prophylactic
treatment significantly reduced both RBP4 mRNA as well
as circulatory RBP4 levels in the HFD fed animals. In
the therapeutic treatment groups, in-spite of a significant
reduction of PPARY in VAT, RBP4 reduction was seen as
a trend without statistical significance. This shows that,
RBP4 might be differentially regulated independent of
PPARY in VAT of HFD fed rats, and the reduction in
circulatory RBP4 in HFD fed animals might be acting
through liver, as a major fraction of serum RBP4 comes
from the liver secretion. This can be a limitation of our
study that we couldn’t able to test the role of liver-specific
RBP4 in regulating insulin resistance and type 2 diabetes,
but will be an exciting avenue for us to test this hypothesis
in future.

In addition to above observations, treatment with vild-
agliptin and metformin significantly reduced VAT spe-
cific expression of pro-inflammatory cytokines TNFa,
and IL-6 which was found to be up-regulated during HFD
induction of insulin resistance and glucose intolerance.
Vildagliptin or Metformin is also found to significantly
up-regulate GLUT4 expression in VAT of HFD-fed rats
indicating the insulin sensitizing effects of these drugs
and our observation were also consistent with the previ-
ous reports [40, 41]. Reduction in adipose tissue inflam-
mation along with RBP4 expression as well as regulation
of lipid homeostasis by vildagliptin is our study is also an
important observation. Very recently, Circulating RBP4
levels were shown inversely and independently correlated
with pB-cell function across the spectrum of glycemia [42].
Therefore, it would be worth to explore whether the bene-
ficial insulin secretagogue action of vildagliptin could be
operated by regulation of RBP4 in pancreatic beta cells.

Our study emphasizes that RBP4/STRAG6 pathway as
one of the players in mediating inflammation and insulin
resistance in adipocytes under glucolipotoxicity as well as
in VAT from the HFD fed insulin resistant rats. One of the

@ Springer

major significant finding that has emerge from the study
that both vildagliptin and metformin resists several signa-
tures of inflammation and improves insulin sensitivity by
regulating lipid accumulation and glucose uptake in 3T3-
L1 adipocytes as well as in VAT from the HFD-fed rats.
However, we could not establish any mechanistic insights
that can prove RBP4/STRAG6 induce insulin resistance
via inflammatory responses, as this requires generation
of robust knockout animal and cell line models through
advance genome editing techniques.

Conclusion

In conclusion, as RBP4 is a known molecule for mediating
inflammation and insulin resistance in insulin responsive
tissues, we suggest that the beneficial regulation of RBP4/
STRAG signaling by vildagliptin and metformin extends
their newer modes of action which needs to be harnessed by
future investigations of clinical setting.
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