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Gymnemic acid alleviates inflammation and
insulin resistance via PPAR6- and NFkB-mediated
pathways in db/db mice
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Gymnemic acid (GA) is a naturally occurring herbal ingredient that improves glucose metabolism in
patients with diabetes mellitus. In this study, we evaluated the ameliorative effects of GA on obesity-
induced inflammation and insulin resistance (IR), and identified the mechanisms for these effects in db/db
mice. In these mice, GA effectively lowered fasting blood glucose concentrations from 26.3 + 4.09 to
17.4 + 3.38 mmol L™, and improved oral glucose and insulin tolerance. Furthermore, GA treatment accel-
erated lipid transport and promoted fatty acid oxidation, which reduced lipid accumulation and inhibited
expression of inflammatory cytokines, including those involved in the proliferator-activated receptor
& (PPARS)- and nuclear factor kB (NFkB)-mediated signaling pathways. In addition, the anti-inflammatory
effects increased the ratio of insulin to glucagon. It also regulated the insulin signal transduction with
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reduced phosphorylation of IRS-1 (Ser) and increased phosphorylation of IRS (Tyr) in liver, skeletal muscle
and adipose tissue. In summary, we demonstrated in db/db mice that GA induces fatty acid oxidation,
and alleviates inflammation and IR in liver, skeletal muscle and adipose tissue through PPARS- and

rsc.li/food-function NFkB-mediated signaling pathways.

Published on 09 August 2019. Purchased by gaetano.difazio@idipharma.com on 27 January 2020.

1. Introduction

Type 2 diabetes mellitus (T2DM) is characterized by hypergly-
cemia and insulin resistance (IR) in peripheral tissues, and is
accompanied by intracellular lipid accumulation, an inflam-
matory response, and pancreatic beta cell dysfunction." Liver,
skeletal muscle and adipose tissue are the key peripheral
tissues in the body that are involved with energy metabolism
and homeostasis.” These tissues are also known as targets for
inflammation and IR.? It is commonly accepted that increased
plasma free fatty acids (FFA) and intracellular lipid accumu-
lation cause both inflammation and impaired insulin signal-
ing, leading to IR through various pathways.*> These signaling
pathways activate a pro-inflammatory transcription factor
known as nuclear factor kB (NFkB). This, in turn, stimulates
expression of pro-inflammatory cytokines such as tumor necro-
sis factor alpha (TNFa), monocyte chemoattractant protein
(MCP-1), and interleukin-6 (IL-6), which are critical in the
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development of IR and T2DM.>°® Therefore, inhibition of
inflammatory signaling is of critical importance to the treat-
ment of T2DM.

db/db (C57BL/Ks]) mice have leptin receptor point
mutations that lead to leptin signaling pathway disorders. This
results in complications like obesity, IR, hyperglycemia and
fatty liver indicating that db/db mice are an ideal animal
model of T2DM.”® Adipose tissue in db/db mice increases
with advancing age. Early suppression of inflammation caused
by lipids is critical to alleviating IR and lowering blood glucose
concentrations.

Gymnemic acid (GA) is a crude saponin fraction obtained
from Gymnema sylvestre leaf extracts. GA is a natural product
that has been used as a herbal remedy for thousands of years
worldwide.”'® GA has been shown to have anti-hyperglycemic
effects by reducing blood glucose concentrations in patients
with T2DM.'"'? Recent studies have also indicated that GA
stimulates insulin secretion, improves insulin action and
lowers blood lipid concentrations in murine models."*** Our
previous studies showed that GA alleviates endoplasmic reticu-
lum stress and improves insulin signal transduction in T2DM
rats and in IR HepG2 cells."> However, the molecular mecha-
nism underlying the ability of GA to alleviate obesity-induced
inflammation in T2DM remains unclear. In this study, we
investigated the effects of GA on obesity-induced inflammation
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and IR. We also explored the downstream peroxisome prolif-
erator-activated receptor 8 (PPARS) and NFkB-mediated inflam-
matory pathways in db/db mice.

2. Materials and methods
2.1 Chemicals

GA (GA I-1V, 95% purity), rat insulin and glucagon ELISA Kits,
RIPA, nitrocellulose membranes and an SABC (rabbit IgG)-
POD kit were obtained from Solarbio Science and Technology
Co., Ltd (Beijing, China). A blood glucose meter and test strips
were acquired from Johnson & Johnson Co. (New Brunswick,
NJ, USA). Trizol was purchased from TransGen Biotech Co.,
Ltd (Beijing, China). Antibodies for peroxisome PPARS, NFkB,
p-NFkB-p65 (ser536), MCP-1, TNFa, IL-6, insulin receptor sub-
strate (IRS), phospho-IRS (ser307) and phospho-IRS (tyr895),
protein kinase B/Akt (Ser473), phospho-Akt, glucose trans-
porter 2 (GLUT2) and glucose transporter 4 (GLUT4) were
obtained from Cell Signaling Technology Inc. (Danvers, MA,
USA). Secondary antibodies were purchased from ZSGB-BIO
Technology Co., Ltd (Beijing, China). The other laboratory chem-
icals used in our experimental work were of analytical grade.

2.2 Animals and experiment design

Six-week old male db/db (C57BL/Ks]) mice were purchased
from Sibeifu Biotechnology Co., Ltd (Beijing, China). All mice
were housed individually on a 12 h light/12 h dark cycle at a
temperature of 23 + 2 °C and humidity of 55 + 10%, with free
access to water and food. The mice were allowed to adapt to
these conditions for one week before the beginning of the
experimental procedure. The animal procedures were approved
by the Animal Care and Use Committee on the Ethics of
Animal Experiments of Tianjin University of Science and
Technology (Tianjin, China). All related facilities and experi-
mental procedures were executed according to the Technical
Standards for the Testing & Assessment of Health Food (2003).

2.3 GA treatment study

The db/db mice were divided into two groups (n = 10 each)
according to baseline plasma glucose concentrations and body
weights. GA was dissolved in distilled water, and was adminis-
tered by gavage at the dose of 100 mg kg™' day ' as the GA
dose group (db/db-GA). The second group was given the same
volume of distilled water as the db/db group (db/db), and both
groups were fed a normal chow diet. For eight weeks, the mice
were given free access to water and food, and their body
weight, food intake and fasting blood glucose (FBG) concen-
trations were measured weekly.

2.4 Oral glucose tolerance test (OGTT) and insulin tolerance
test (ITT)

The OGTT was performed in all mice during the eighth week
of treatment, as described by Zhang et al.*®'” Briefly, animals
were fasted for 12 h before oral administration of the vehicle
(db/db group) or GA 100 mg kg™' (db/db-GA group). After
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20 min, all mice were given glucose 2 g kg~" orally. Glucose
concentrations were then determined from blood drawn from
the tail tip at 0, 30, 60, 90 and 120 min. The results were
expressed as the integrated area under the concentration-time
curve (AUC) for glucose.

The ITT was performed as described by Zhang et al'®
Briefly, animals were fasted for 8 h and then vehicle (db/db
group) or GA 100 mg kg~ (db/db-GA group) was administered
orally. After 20 min, the mice were injected subcutaneously
with insulin at a dose of 0.5 U kg™". Blood samples drawn at 0,
30, 60, 90 and 120 min after insulin injection were then used
to quantitate glucose concentrations.

At the end of the eight week treatment period, mice were
fasted for 8 h. After the ITT experiment, mice were anesthe-
tized with 10% chloral hydrate (3.5 mL kg™') and sacrificed.
Blood samples were collected and centrifuged (4000 rpm) at
4 °C for 15 min, and the serum stored at —80 °C before ana-
lysis. Tissues were excised immediately and then stored at
—80 °C for further biochemical analyses.

2.5 Analyses of metabolic parameters

Several metabolic parameters were measured in the postmor-
tem serum samples using commercial kits (Nanjingjiancheng,
Nanjing, China) according to the manufacturer’s instructions.
Insulin, glucagon, triglyceride (TG), total cholesterol (TC) and
FFA were measured using a sandwich-type enzyme immuno-
assay kit (Nanjingjiancheng, Nanjing, China). Glycated hemo-
globin (HbA1c) was measured using HbAlc hemoglobin assay
kits (USCN Life Science, Wuhan, China), and expressed as the
ratio of HbAlc to total hemoglobin as reported by Mang
et al.'® The serum concentrations of TNFa, IL-6 and MCP-1
were measured using an ELISA kit (Huyu biotechnology,
Shanghai, China). The liver concentrations of TG were
measured using commercial kits (Nanjingjiancheng, Nanjing,
China) according to the manufacturer’s instructions.

2.6 Immunofluorescence staining

Immunofluorescence staining was performed as described by
Zheng et al.*° Briefly, isolated pancreatic tissues were fixed
with 4% paraformaldehyde at 4 °C for 2 h. Tissues were then
paraffin-embedded and 5 pm sections were cut. Tissue sec-
tions were incubated overnight at 4 °C with the primary anti-
bodies. After rinsing with phosphate buffered saline, the
tissues were incubated with the secondary antibodies (diluted
1:200) for 40 min. Immunofluorescence images were acquired
using a BZ-II analyzer (Keyence, Osaka, Japan).

2.7 Determination of fecal short-chain fatty acids (SCFAs)

Fecal samples were collected once each week, and dried in a
lyophilizer before being ground into a powder and weighed.
SCFAs in the fecal contents were measured via gas chromato-
graphy with the following conditions: Agilent 7890A GC
system; HP-INNO WAX column (Agilent 19091N-133; 260 °C;
30 m x 250 pm % 0.25 pm; in: back SS inlet N2; out: back detec-
tor FID) and a flame ionization detector (Agilent Technologies
Inc., CA, USA).

This journal is © The Royal Society of Chemistry 2019
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Standard curves for the SCFAs (acetic, propionic, butyric,
valeric, isobutyric and isovaleric acids) (Supelco 46975-U,
Sigma) were obtained with the concentration as the abscissa
(X) and the standard peak area as the ordinate (Y). Samples
were prepared by dissolving fecal samples (0.1 g) into formic
acid 0.9% solution (1 mL), homogenizing for 1 min and then
centrifuging (13 000 rpm) for 10 min. The same volume of
ethyl acetate was then added to the supernatant before
shaking and mixing, extracting at 4 °C for 12 h, and centrifu-
ging (13000 rpm) for 10 min. The supernatant was filtered
(0.22 pm filter membrane) and injected into the gas chromato-
graphy instrument.

2.8 Histopathological examination

Histopathological examination was performed as described by
Li et al®" Briefly, a cubic centimeter of liver, skeletal muscle
and adipose tissues was selected to fix in paraformaldehyde
4% solution for 24 h before dehydrating with different
strengths of ethanol. The tissues were then embedded in
paraffin, cut into 5 pm thick sections with a microtome, and
stained with hematoxylin and eosin (H&E). Finally, the slides
were observed under inverted microscope and the images
recorded. Image pro-plus 6.0 and Image Gauge v4.0 software
(fujifilm) were used to measure the number and area of adipo-
cyte from each section.

2.9 Real-time polymerase chain reaction (RT-PCR) analysis

RT-PCR was used to determine the expression levels of target
genes. Total RNA was isolated from liver, skeletal muscle and
adipose tissue using Trizol reagent as per the manufacturer’s
protocol. cDNA was synthesized from total RNA with RT-PCR
kits (Takara Biomedical Technology, Beijing, China). RT-PCR
analysis was performed with premixed SYBR green reagent in a
real-time detector under the following parameters: 95 °C for
30 s, followed by 40 cycles at 95 °C for 5 s and 58 °C for 5 s,
with a final extension step of 72 °C for 30 min. The relative
expressions of target genes were determined using the 2744
method, with f-actin as an endogenous control. PCR primer
sequences were designed using the Primer 5 program and are
listed in Table 1.

2.10 Western blot analysis

Protein expression was assessed by western blot analysis.
Briefly, 100 mg of liver, skeletal muscle and adipose tissue
samples were homogenized in RIPA buffer with phenylmetha-
nesulfonyl fluoride 1% for 10 min, followed by centrifugation
(10000 rpm) at 4 °C for 5 min. Total protein concentrations
were measured via Bradford assays. Equal amounts of protein
were separated by 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis, and transferred onto polyvinylidene fluor-
ide membranes (Millipore, Bedford, MA, USA). The mem-
branes were incubated in blocking reagent containing 5% non-
fat dried milk at room temperature for 1.5 h, and probed over-
night with primary antibodies at 4 °C. Tris buffered saline
tween containing anti-p-actin (1 : 10 000), anti-PPARS (1 : 1000),
anti-p-NFkB-p65 (ser536) (1:1000), anti-NFkB (1:1000), anti-
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Table 1 RT-PCR primer sequences

Gene Primer Sequences 5'-3’ NCBI number

apoE Sense GGGTTGGCTCCAGAAACAGA 138310.1
Antisense  AAAGTCACACCATCCGTCCC

CPT1a Sense ACTCCGCTCGCTCATTCC 013495.2
Antisense  TTGAGGGCTTCATGGCTCAG

CPT1b Sense CATGTATCGCCGCAAACTGG 009948.2
Antisense  CCTGGGATGCGTGTAGTGTT

ACO Sense GGAATCTGGAGATCACGGGC 015729.3
Antisense  AGGCCACCACTTGATGGAAG

ADP Sense GTTGCAAGCTCTCCTGTTCC 000071.6
Antisense ~ CTTGCCAGTGCTGTTGTCAT

FABP1 Sense GGAAGGACATCAAGGGGGTG 017399.4
Antisense  TCACCTTCCAGCTTGACGAC

FABP3 Sense CTCACTCATGGCAGTGTGGT 010174.1
Antisense  GAGGGGAAAACCATGAGGCA

FABP4 Sense GAAATCACCGCAGACGACAG 024406.2
Antisense  AACACATTCCACCACCAGCTT

TLR4 Sense GTGCCAGTCAGGGTCATTCA 021297.3
Antisense ~ ACTCCCCAGCCCTTTATGGA

TLR6 Sense ACCGTCAGTGCTGGAAATAGA 011604.3
Antisense  AGAGAACGGGGTCATGCTTC

CD36 Sense CCTTGGCAACCAACCACAAA 001159555.1
Antisense  ATCCACCAGTTGCTCCACAC

Fatp1l Sense AGACTTCTGTGAGAACCTGCG 011977.3
Antisense  TGTGCTGGAGCTTGCCTGAT

B-Actin  Sense GATCGATGCCGGTGCTAAGA 007393.5
Antisense  TCCTATGGGAGAACGGCAGA

MCP-1 (1:1000), anti-TNFa (1 : 1000), anti-IL-6 (1 : 1000), anti-
phospho-IRS (ser307) (1:1000), anti-phospho-IRS (tyr895)
(1:1000), anti-IRS (1:1000), anti-AKT (1:1000), anti-p-AKT
(1:1000), anti-GLUT2 (1:1000) and anti-GLUT4 (1:1000).
Membranes were then labeled with horseradish peroxidase-
conjugated secondary antibodies at room temperature for 2 h.
Protein expression was determined using electro-chemi-
luminescence and bands were visualized through autoradiog-
raphy. Band intensities were quantified using Image] software.

2.11 Statistical analyses

The data are expressed as means + standard deviation (SD)
and were analyzed by SPSS16.0 software (SPSS, Chicago, IL,
USA). The differences between two groups were analyzed using
Student’s ¢-test, and the differences among multiple groups
were analyzed using one-way analysis of variance followed by
the Bonferroni post-hoc test. P < 0.05 was considered statisti-
cally significant.

3. Results

3.1 Effects of GA on metabolic parameters in db/db mice

As shown in Table 2, mouse body weight and food intake were
recorded weekly, with the db/db-GA group having significantly
lower food intake and body weight than the db/db group at 14
w of age. Moreover, GA treatment significantly lowered liver
and epididymal fat weight, and also significantly lowered TC,
TG and FFA serum concentrations compared with the db/db
group (Table 3). These results suggest that GA reduces lipid
accumulation in metabolic tissue and lipid concentrations in
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Table 2 Effect of GA on body weight and food intake of experimental
mice

Body weight (g) Food intake (g day™")

Groups Age (6 w) Age (14 w) Age (6 w) Age (14 w)
db/db 35.2+2.80 53.7+1.72 5.01+0.27  6.97 +0.12
db/db-GA  35.6+1.99 45.4+1.63" 514+031 6.28+0.25"

Data are expressed as the means + SD (n = 10 per group), w: weeks,
"p < 0.01 vs. db/db group.

Table 3 Effect of GA on metabolic parameters of experimental mice

Parameters db/db (14 w) db/db-GA (14 w)
Liver (g) 2.91 +0.03 2.67 + 0.06"*
Epididymis fat (g) 5.62 + 0.21 4.88 + 0.13"
TC (mmol L™) 1.68 + 0.17 1.04 + 0.08"
TG (mmol L) 1.72 + 0.09 1.02 = 0.07"
FFA (umol L™") 632 + 46.7 409 + 27.4%
HbA1lc (%) 11.0 + 0.23 6.37 + 0.81%
Insulin (pmol L™ 439 +27.5 659 + 36.2"%
Glucagon (pmol L") 274 +12.9 213 +19.5"

Data are expressed as the means + SD (n = 10 per group), w: weeks,
"p < 0.01 vs. db/db group.

the circulation, and improves the symptoms of increased body
weight and food intake in db/db mice.
3.2 Effects of GA on FBG, OGTT and ITT in db/db mice

As shown in Fig. 1A, FBG concentrations in the db/db-GA
group were significantly lower (by 34.5%) compared with the
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db/db group. HbA1lc was also decreased in the db/db-GA group
(Table 3), indicating that blood glucose concentrations in the
GA treatment group were significantly improved during the
preceding few weeks compared with the db/db group.

The effects of GA on glycemic control were further con-
firmed by OGTT and ITT. After oral glucose (2 g kg™") admin-
istration, blood glucose concentrations in both the db/db and
db/db-GA groups reached the highest level within 30 min.
Blood glucose concentrations in the db/db-GA group returned
to the initial value within 120 min, while the db/db group
still had a persistently high concentration at this time point
(Fig. 1B). In addition, the OGTT results (Fig. 1C) demon-
strated a lower AUC in the db/db-GA group compared with
the db/db group.

ITT tests were performed 3-days after OGTT. The results
showed that, after subcutaneous insulin (0.5 U kg™"), blood
glucose concentrations at 30, 60, 90 and 120 min were signifi-
cantly lower in the db/db-GA group compared with the db/db
group (Fig. 1D and E). This indicates that GA increased
glucose utilization and improved insulin sensitivity in db/db
mice.

3.3 Effects of GA on liver, skeletal muscle and adipose tissue
histopathological changes

Liver, skeletal muscle and adipose are crucial tissues for
energy metabolism. The morphology and pathological pro-
cesses of these tissues can cause various metabolic diseases.
As shown in Fig. 2A, H&E staining revealed that db/db mouse
liver cells had disordered arrangement and steatosis, with
vacuolar appearance and increased lipid content, which
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Fig. 1 Effects of GA treatment on FBG, OGTT and ITT in db/db mice. (A) FBG concentrations in the experimental mice. (B and C) OGTT was per-
formed after 8 weeks of treatment in all experimental mice; the area under the curve of panel B was calculated and is shown in panel C. (D and E)
ITT was performed in all experimental mice 3 days after OGTT; the area under the curve of panel D was calculated and is shown in panel E. Data are

expressed as the mean + SD (n = 10 per group), **P < 0.01 vs. db/db group.
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Fig. 2 Effects of GA on liver, skeletal muscle and adipose tissue histopathological change in db/db mice. (A) Histopathological change of liver. (B)
Histopathological change of skeletal muscle. (C) Histopathological change of adipose; scale bar, 100 um. (D) TG content in liver. (E) The adipocyte
number in adipose section. (F) Quantification and adipocyte size measurement from adipose (eWAT) images. Values are means + SD. Data are repre-

sentative of three independent experiments, **P < 0.01 vs. db/db group.

significantly improved with GA treatment. Besides, the TG
content of the liver was also significantly decreased after GA
treatment in db/db mice (Fig. 2D). In addition, H&E staining
of skeletal muscle showed slight muscle fiber thinning in db/
db mice, which was alleviated by GA treatment (Fig. 2B).
Finally, morphological evaluation of adipose cells showed
that the volume of these cells was enlarged in the db/db
group, but was significantly decreased in the GA treatment
group (Fig. 2C, E and F). These results showed that GA treat-
ment could reduce fat accumulation and tissue lesions in
peripheral tissues.

3.4 Effects of GA on expression of fatty acid oxidation genes
in db/db mice

Improved lipid metabolism can reduce fat accumulation and
mitigate pro-inflammatory reactions.® Fig. 3A-C shows that GA
treatment increased the mRNA expression of fatty acid trans-
port-associated genes, such as adiponectin (ADP) and apolipo-
protein (apoE) in db/db mice. Moreover, we evaluated fatty
acid oxidation-associated mRNA expression, and showed that
GA administration increased carnitine palmitoyl-transferase 1

This journal is © The Royal Society of Chemistry 2019

(CPT1a/b), acyl-CoA oxidase (ACO), and fatty acid binding
protein 1/3/4 (FABP1/3/4) mRNA expression in the liver, skel-
etal muscle and adipose tissues of db/db mice.

Fig. 3D and E shows that GA treatment decreased the
mRNA expression of fatty acid translocase CD36 (CD36) and
fatty acid transport protein 1 (FATP1). These two proteins are
involved with fatty acid transport into cells. Further, fatty acid
sensing and pro-inflammatory-related genes including Toll-
like receptor 4 (Tlr4) and Toll-like receptor 6 (Tlr6) are both
down-regulated by GA treatment in the liver, skeletal muscle
and adipose tissues of db/db mice.

3.5 Effects of GA on inflammatory markers in db/db mice

To investigate the effect of GA on inflammatory response, we
evaluated inflammatory markers in the circulation and in
tissues such as the liver, skeletal muscle and adipose of db/db
mice. As shown in Fig. 4A-C, the serum concentrations of
inflammatory cytokines (including TNF-o, MCP-1 and IL-6)
were significantly lowered in the db/db-GA group. We also
used western blot to assess PPARS, NFkB, p-NFkB-p65(ser536),
TNF-a, MCP-1 and IL-6 in the liver, skeletal muscle and

Food Funct,, 2019, 10, 5853-5862 | 5857
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**P < 0.01 vs. db/db group.

adipose tissues of the two mouse groups. The results showed
that p-NFkB-p65(ser536), TNF-o, MCP-1 and IL-6 levels in the
db/db-GA group were significantly lower than in the db/db
group, while PPARS levels were significantly higher in the db/
db-GA group (Fig. 4D-F). Finally, we also determined the SCFA
fecal content (Fig. 4G), with GA treatment shown to increase
SCFA fecal content, which was highest in the fourth week of
treatment.

3.6 Effects of GA on insulin sensitivity in db/db mice

We investigated insulin signaling, to determine the effects of
GA on inflammatory response and insulin sensitivity. As
shown in Fig. 5A, immunofluorescence staining showed that
GA treatment increased the ratio of insulin to glucagon, which
was consistent with the serum insulin and glucagon content
results determined by ELISA (Table 3). Additionally, prolifer-
ation of beta islet cells (the red areas represent proliferating
beta cells) was significantly higher in the db/db-GA group com-
pared with the db/db group (Fig. 5B). Based on these results,
the effect of GA on the key proteins that relate to insulin signal
transduction and glucose metabolism were also studied. The
results showed that GA treatment increased p-Akt and p-IRS
(tyr) while decreasing p-IRS (ser). Furthermore, the expression
of glucose transporters such as Glut2 and Glut4 were also
increased in the liver, skeletal muscle and adipose tissue of
db/db mice (Fig. 5C-E).

5858 | food Funct, 2019, 10, 5853-5862

4. Discussion

Chronic inflammation mediated by lipid accumulation is an
important underlying factor in obesity-related T2DM.>>?>* db/
db mice, characterized by obesity, IR, hyperglycemia and fatty
liver, have been employed widely as an inflammation and
obesity-associated T2DM model to evaluate the activity and
mechanism of hypoglycemic drugs.>*>*> GA has been shown to
display anti-diabetic activity, and our previous studies have
identified that GA can alleviate endoplasmic reticulum stress
in T2DM rats and in IR HepG2 cells.”® In this study, we investi-
gated the effect of GA on obesity-induced inflammation and
IR, and its hypoglycemic mechanism in db/db mice.

Based on previous studies,”® we selected the dose of 100 mg
kg™ day™" to investigate the anti-diabetic effects of GA in db/
db mice. After 8 weeks of GA treatment, body weight, food
intake and viscera index were all decreased in the db/db-GA
group, indicating that the imbalance of energy metabolism in
db/db mice was regulated by GA treatment. FBG, OGTT, ITT
and HbAlc are the most commonly employed indicators of
diabetes, and reflect the body’s glucose concentrations.””*®
After 8 weeks of GA treatment, the FBG concentration in db/db
mice decreased, while the OGTT, ITT and HbAlc indices
greatly improved, suggesting that GA significantly ameliorated
hyperglycemia. In addition, basic indicators of lipid metab-
olism were also evaluated, with TC, TG and FFA serum concen-

This journal is © The Royal Society of Chemistry 2019
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independent experiments, **P < 0.01 vs. db/db group.

trations all significantly reduced after GA treatment. Taken
together, these results suggest the possibility that GA may play
a central role in the attenuation of IR and hyperglycemia in
db/db mice. However, further studies are needed to define the
mechanism for these effects.

Many studies have reported that obesity, as a chronic
disease characterized by excessive accumulation of adipose
tissue, increases the morbidity and mortality of IR, diabetes
and cardiovascular disease.”®*° ADP and apoE can bind and
transport blood lipids to various tissues for metabolism and
utilization of proteins, thereby affecting the occurrence and
development of hyperlipidemia, atherosclerosis and cerebro-
vascular diseases. ADP concentrations predict the development
of T2DM and coronary heart disease, and have shown poten-
tial in clinical trials of diabetes, atherosclerosis and inflam-
mation. In this study, ADP and apoE mRNA expression in the
liver, skeletal muscle and adipose tissue of db/db mice were
obviously up-regulated by GA treatment. Further, fatty acid oxi-
dation is an important pathway for glycerol and fatty acid
metabolism in vivo, and can release a large amount of energy
for the body to use. The mRNA expression of fatty acid oxi-

This journal is © The Royal Society of Chemistry 2019

dation-associated genes, such as CPT1a/b, ACO, and FABP1/3/4
were enhanced by GA treatment. CD36 and FATP1 are proteins
that transport fatty acids into cells, and both mRNA levels are
down-regulated by GA treatment. This greatly reduces the
absorption of fatty acids and alleviates the metabolic burden
caused by excessive lipid accumulation. These results suggest
that loss of body weight and viscera index may be caused by
fatty acid oxidation-mediated fat burning in peripheral tissues.
This postulate is also supported by the results of H&E staining,
which showed that GA treatment significantly decreased liver
fatty acid content and reduced adipose cell volume. These
results suggest that GA can promote the oxidation of fatty
acids, thereby reducing lipid accumulation and preventing the
metabolic syndrome caused by obesity.

Numerous studies have reported that diabetes and IR are
often induced by inflammation.>"*> PPARS is an important
regulator of the inflammatory response, and is a novel thera-
peutic target for metabolic disorders.*® Activation of PPARS
brings many positive effects, such as weight loss, stimulation
of skeletal muscle metabolic rate, and attenuation of IR.**
PPARS pathway activation also attenuates lipid-induced

Food Funct.,, 2019, 10, 5853-5862 | 5859
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inflammation via suppression of NFkB-mediated signal trans-
duction.?® NF«B is a well-known pro-inflammatory transcrip-
tion factor, which can induce IR in peripheral tissues.
Activation of the NFkB mediated pathway stimulates pro-
inflammatory cytokines including TNFa, IL-6 and MCP-1,
which play an important role in the development of IR and
T2DM. Thus, proper inhibition of lipid-induced inflammation
is of great significance for the treatment of diabetes. In this
study, GA treatment increased the expression of PPARS, while
decreasing a pro-inflammatory transcription factor (NFkB)
and pro-inflammatory cytokines (TNFa, IL-6 and MCP-1) in
the liver, skeletal muscle and adipose tissue of db/db mice.
Moreover, fatty acid sensing and pro-inflammatory-related
genes including Tlr4 and TIr6 are also down-regulated by GA
treatment in the liver, skeletal muscle and adipose tissues of
db/db mice. SCFAs provide the main energy supply for the
colonic mucosa, which can reduce production of proinflam-
matory factors and facilitate the repair of mucosal inflam-
mation. In our study, GA treatment was associated with sig-
nificant up-regulation of SCFA fecal content in db/db mice.
Collectively, these findings demonstrate that GA treatment
can increase PPARS expression and consequently lighten the
inflammatory response via inhibition of NFkB-mediated pro-
inflammatory cytokines.

Recent major studies suggested that chronic inflammation
is an important mechanism for IR and T2DM induction.*®?”

5860 | Food Funct, 2019, 10, 5853-5862

In fact, peripheral tissues are heavily infiltrated by inflamma-
tory immune cells and excess lipid, which interact with adipo-
cytes to trigger chronic inflammation that blocks insulin
transduction.*®* *° Therefore, we investigated whether GA could
promote insulin signaling by alleviating inflammation caused
by lipid accumulation. Cytoplasmic IRS proteins exert impor-
tant functions in the insulin activation cascade.”® Impairment
of IRS protein phosphorylation might impede the signaling
cascade, leading to T2DM. Studies have demonstrated that
phospho-IRS-1(ser) negatively regulates insulin receptor signal-
ing and is a common cause of IRS-1 protein dysfunction.
Moreover, decreased phospho-IRS-1(tyr) is also a risk factor for
IR.""" In this study, GA treatment effectively prevented
damage to the insulin receptor, which is related to suppression
of phospho-IRS-1(ser) and promotion of phospho-IRS-1(tyr).
Further, GA treatment can also regulate key proteins related to
glucose transport and metabolism, which appeared as a sig-
nificant up-regulation of p-Akt and GLUT2/4 in the liver, skel-
etal muscle and adipose tissue of db/db mice.

In conclusion, our study demonstrates that GA ameliorates
obesity-induced inflammation and IR via PPARS- and NFkB-
mediated signaling in the liver, skeletal muscle and adipose
tissue of db/db mice. These results appear as reduced lipid
accumulation and increased fatty acid metabolism, and alle-
viated inflammatory effects, which ultimately contribute to
enhanced insulin signaling. Furthermore, our findings indi-

This journal is © The Royal Society of Chemistry 2019
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cate the potential of GA as a hypoglycemic agent for the treat-

ment of obesity-associated T2DM.
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