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ABSTRACT

Aims: To identify more effective ginsenoside for type 2 diabetes (T2D) and clarify whether the
ginsenoside characterizing estrogenic multi-targeted antidiabetic effects.

Study Design: Identifying more effective ginsenoside through preclinical evaluation of antidiabetic
effects of representative ginsenosides with T2D rat model, and further test pharmacological
mechanism underlying the potent antidiabetic effects of the ginsenoside in the same model.

Place and Duration of Study: Key laboratory for Pharmacy, Inner Mongolia Medical University,
March 2018 to November 2020.

Methodology: Used a total of 240 female adult rats. Rat model of T2D induced by high-fat diet fed
and streptozotocin. Five tapes of representative ginsenosides (Rbl, Rd, Rg3, Re, Rgl)
administrated at low (20 mg/kg daily) and high (40 mg/ kg daily) doses to T2D rats with orally for 4
weeks. Detect testing indexes with biochemical, histological, Quantitative Real-Time PCR, and
western blots analysis.

Results: Ginsenoside Re (Re), very significantly lowered blood glucose (P<0.01), lipids (P<0.001),
free fatty acid (P<0.001), and glucagon (P<0.01) levels, markedly improved impaired insulin
sensitivity (P<0.01), ameliorated oxidative stress (P<0.01) and inflammation (P<0.01) in T2D rats,
exhibited potent antidiabetic effects. Moreover, Re, phosphorylate serine/threonine kinase (Akt)
(P<0.01) and endothelial nitric oxide synthase (eNOS) (P<0.01), up regulates B-cell lymphoma-2
(P<0.01) and insulin gene expression (P<0.01), down regulates glucagon gene
expression(P<0.01), reverse impaired glucagon-like peptide 1 (P<0.01); exhibits multi-targeted
effects; these effects of Re were inhibited by estrogen receptor (ER) inhibitor (ICI-182,780)
(P<0.01). Functionally, the antidiabetic effects of Re were sequentially inhibited by inhibitor of ER,
Akt, and eNOS, respectively (P<0.01).

Conclusion: These findings, revealed a novel pharmacological property of Re that characterized in
multi-targeted potent antidiabetic effects mediated by ER/Akt/eNOS/NO signaling pathway, provide
the first evidence for the potential use of Re, as a multi-targeted therapeutic for T2D, particularly, a
novel candidate for replacement of estrogen therapy and NO therapy in diabetes.

Keywords: Ginsenoside Re; Type 2 diabetes; Multiple targeted antidiabetic effects; Estrogen receptor
signaling pathway; Nitric oxide; An alternative multi-targeted therapy.

1. INTRODUCTION

Type 2 diabetes (T2D) is one of the leading
causes of morbidity and mortality in world-wide.
Pathogenesis of T2D is involved multifactor such
as dysfunction of pancreatic beta cell (B-cell) as
well as alpha cell (a-cell), dysregulated insulin as
well as glucagon (Gcg), and insulin resistance
(IR) [1,2,3], which induced by multiple
pathological processes including oxidative stress,
inflammation, glucose and lipids toxicity, and
apoptosis [4,5]. The multifactorial pathogenesis
of T2D means that treatment needs to involve
multiple targeted therapies characterized in more
effective and less adverse effects [6,7]. However,
developing  multi-targeted more  effective
therapeutic measures for the multifactorial T2D
has been challenging [8,9,10].

Recently, numerous clinical and experimental
studies have demonstrated that estrogen and
17B-estradiol (E2) characterize insulinotropic and
multi-targeted antidiabetic effects that including
anti-oxidative stress, anti-inflammation, anti-
apoptosis, enhances [B-cell survival and
generation , increases pancreatic insulin content,
gene expression and insulin release , reducing
IR, glycemic and lipids control in various animal
models and diabetes [11,12] by signaling through
estrogen receptor (ER) alpha (ERa) /or ERP
[13,14]. It strongly suggests that estrogen and
ER signaling pathway are potential multi-
targeting therapeutic candidate for diabetes
therapy [15,16], but it has serious adverse events
[17]. Moreover, currently, available
pharmacological agents for T2D, however, have
many limitations including lack of multi-targeted
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synergistic beneficial effects, and adverse effects
[18,19].

Therefore, considering complementary and
alternative  approaches, including use of
medicinal herbs that proposed synergistic

multiple actions on diabetes [20,21]. In fact,
ginseng is the best choice of herbal medicines
that show promising result in the treatment of
diabetes [22,23]. Interestingly, ginseng also
characterize  estrogenic and insulinotropic
properties [21, 23]. The active components of
ginseng are considered to ginsenosides, sixteen
types of ginsenosides were found to have
antidiabetic effects, such as ginsenoside Re,
Rgl, Rg3, Rg5, Rbl, Rb2, Rb3, and compound
K [24]. The molecular mechanisms underlying
the antidiabetic effects and medical applications
of ginsenosides have attracted much attention
[24]. Multiple molecular targets including glucose
transporters (GLUTS), glucagon-like peptide 1
(GLP-1), peroxisome proliferator-activated
receptor gamma (PPAR-y), phosphatidylinositol
3-kinase (PI3K)/threonine kinase (Akt) signaling,
and AMP-activated protein kinase (AMPK) are
involved in the antidiabetic effects of
ginsenosides [24]. However, the potential
systemic pharmacological mechanisms of
ginsenosides are still unclear, which was major
hindrance for use of ginseng or ginsenoside in
diabetes therapy.

Estrogenic activities [25] and nitric oxide (NO)
actions [26] have suggested as mechanisms of
ginseng’s actions, whether these actions involve
in the antidiabetic effects of ginseng and
ginsenosides have not been tested. Several
studies indicated that antidiabetic effects of
ginseng extract could be attributed to
ginsenoside Re (Re) which the most
representative and a major bioactive component
in the ginseng [27, 28]. Our previous study
reveals that Re, a main phytosterol of panax
ginseng, activates cardiac potassium channels
via a nongenomic pathway of sex hormones [29],
and involve NO actions [30].

In the present study, therefore, we examined and
compared the antidiabetic efficacies of Re to
those of ginsenosides in ginseng, to test whether
Re is more effective component of ginseng
regarding its antidiabetic effects; more
importantly, to test the possibility that whether
molecular mechanism underlying the antidiabetic
effects of Re mediated by ER signaling pathway.
Re could mimics the multi-targeted antidiabetic
effects of estrogen that can greatly facilitate
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developing multi-targeted new treatments for
T2D from natural products.

2. MATERIALS AND METHODS

2.1 Reagents

Ginsenoside Re (CAS#PS000790),
Rg1(CAS#PS010153), Rg3(CAS#PS010045),
Rb1(CAS#PS010160), Rd (CAS#PS010161)
were  purchased from  Chengdu Pusi

Biotechnology Co., Ltd (Sichuan, China) and the
Re, Rgl, Rg3, Rbl, Rd had a purity of
98%~99%. Streptozotocin (STZ) (CAS#S0130),

L-N5 -(I-iminoethyl) ornithine (L-NIO)
(CAS#150403-88-6), 1783-estradiol (E2)
(CAS#50-28-2) and S-nitroso-N-

acetylpenicillamine (SNAP) (CAS#67776-06-1)
were purchased from Sigma-Aldrich (St Louis,
MO, USA). Rosiglitazone (CAS#H20030569)
bought from Chengdu Hengrui Pharmaceutical
Co., Ltd (Sichuan, China). 1CI182,780
(CAS#129453-61-8) was purchased from Tocris
(Ellisville, MO, USA). MK-2206 (CAS#1032350-
13-2) was purchased from Selleck Chemicals
LLC (Houston, TX, USA). All other chemicals
purchased from Sigma-Aldrich (St Louis, MO,
USA) or Selleck Chemicals LLC (Houston, TX,
USA) unless otherwise mentioned.

2.2 Experimental Animals

Sprague Dawley (SD) adult (12 weeks old)
female rats (260-280g) were purchased from
Beijing Viton Lihua Animal Center (Beijing,
China; SCXK (jing) 2016-0006). Rats were
individually housed in a temperature-controlled
vivarium on a 12/12-h light/dark cycle and free
access to water and either a normal chow diet or
a high-fat diet (HFD). HFD contained 20% (w/w)
sucrose, 10% (w/w) lard oil, 2.5% (w/w)
cholesterol and 1.5% (w/w) bile salt were added
to the normal diet (SCXK-Beijing, 2014-0010,
Research Diets, Beijing, China).

2.3 Experimental Design

Rat experiments carried out using two different
protocols (Protocols 1 and 2).

2.3.1 Protocol 1

Preparation of type 2 diabetes (T2D) model: The
rats of the T2D model group were feded a HFD
diet for 8 weeks and then received an
intraperitoneal (IP) injection of Streptozotocin
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(STZ) (40 mg/kg, dissolved in citrate buffer, pH
4.5; Sigma-Aldrich, USA), twice at an interval of
24 h. After 72 h, collection of blood from tail vein
of rats after 12 h of fasting, fasting blood glucose
(FBG) was measured with spectrophotometry-
based assays using commercially available kits
(Invitrogen, USA) at once a day for three
consecutive days, each measurement of FBG
level in all of rats is 216.7 mmol/L and insulin
sensitivity index decreased (compared with
normal control group rats) significantly (P value
<0.05), considered as model established. One
hundred and twenty (120) rats in the HFD group
fulfilled this T2D criterion. Ten rats of the normal
control group (NC) were fed standard rat chow
and received an IP injection of the same volume
of citrate buffer. The T2D rats that induced by
HFD and STZ were subsequently apportioned
randomly and equally to a T2D model control
group (MC, administered saline, 4 mi/d by
gavage ) and eleven different treatment groups:
administered ginsenoside Re, Rgl, Rg3, Rbland
Rd at low (20 mg/kg/day), high (40 mg/ kg/day)
doses by gavage (qd) for 4 weeks, respectively,
hereafter referred to as the Re, Rg1,Rg3,Rbland
Rd low (Re-l, Rg1-I,Rg3-I,Rb1-I, Rd-l) and high
(Re-h, Rg1-h,Rg3-h,Rbl-h, Rd-h) groups;
administered Rosiglitazone (30m/kg/day) to rats
of positive control group (PC); each group has 10
rats, respectively.

2.3.2 Protocol 2

Preparation of T2D model is the same as
described in Protocol 1. One hundred (100) T2D
rats were subsequently apportioned randomly
and equally to a MC (administered saline, 4 ml/d
by gavage ) and eight different treatment groups:
administered ginsenoside Re 40 mg /kg/day
(gavage, Re-h the same below) , Re-h + MK-
2206 (240 mg/ kg/day, gavage), Re-h + IC| 182
, 780 (5mg/ kg/day, gavage), Re-h + SNAP
(13.5 mg/kg/day, it), Re-h+ L-NIO (100 mg/kg,
iv), E2 (100 ug/kg/day, sc) and Rosiglitazone
(30mg/ kg/day) to rats of PC, respectively; rats in
NC and PC were treated the same as in Protocol
1. Each group has 10 rats, respectively.

2.4 Preparation of Samples and
Biochemical Analysis
Preparation of blood samples and

biochemical analysis: At the end of the 4
weeks treatment, blood was collected after 12 h
fast and serum samples are prepared. FBG, total
cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL-C), high-density
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lipoprotein cholesterol (HDL-C), and free fatty
acids (FFAs) were measured with automatic
analyzer (Hitachi 7080 Automatic Biochemical
Analyzer, Tokyo, Japan); malondialdehyde
(MDA), superoxide dismutase (SOD), and
glutathione peroxidase (GSH-Px) using
commercial kits (Beijing bioscience Biomedical
Technology Co., Ltd., Beijing, China) and a
spectrophotometer  (Beiing PLANON New
Technology Co., Ltd., China), in accordance with
the manufacturer’s protocols. Plasma glucagon,
insulin, interleukin 6 (IL-6), tumor necrosis factor-
a (TNF-a) and nuclear factor kB (NF-kB) were
determined using commercially available
enzyme-linked immunosorbent assay (ELISA)
kits (Millipore, St. Charles, MO, USA). Insulin
sensitivity index (ISI) was calculated according to
the formula: insulin sensitivity index = 1/ [blood
glucose (mmol/l) x blood insulin (pmol/l)].

Preparation of tissues samples and
biochemical analysis: At the end of the 4
weeks treatment, rats were sacrificed after a 12 h
fasting. The pancreas and intestine (ileum and
colon) were dissected immediately and frozen at
-20°C until analysis. Tissue was homogenized on
ice and centrifuged at 12000 rpm for 20 min, then
the supernatants were collected and stored at -
20°C until analysis. Pancreatic Insulin and
ileocolonic glucagon-like peptide 1 (GLP-1)
concentrations were determined using enzyme-
linked immunosorbent assay (ELISA) Kkits
(Millipore, St. Charles, MO, USA).

2.5 Oral Glucose Tolerance Test (OGTT)
and Insulin tolerance Test (ITT)

In the Protocol 1 experiment, at the end of the
three weeks, the rats (in the normal control
group-NC, T2D model control group-MC, positive
control group-PC treated with Rosiglitazone,
treated with high dose of panaxadiols and
panaxatriols groups, each group has five rats)
were performed OGTT and ITT, respectively. In
the OGTT experiment, the rats were fasted for 12
h and then orally administrated glucose 2g/kg.
Blood glucose levels were measured from tail
blood samples at 0 min (before glucose
administration), 30 min, 60 min, and 120 min
after glucose administration. Analyze the area
under blood glucose curve (AUC). AUC was
calculated according to the formula: AUC= [(O
min blood glucose + 2x30 min blood glucose +
3x60 min blood glucose +2 x120 min blood
glucose)]/4. In the ITT experiment, the rats were
fasted for 10 h and then received intraperitoneal
(IP) administration of insulin (0.75U/kg). Blood
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glucose levels were measured from tail blood
samples at 0 min (before glucose administration),
30 min, 60 min, and 120 min after insulin
administration. Analyze the area under blood
glucose curve (AUC). AUC was calculated
according to the formula: AUC= [(0.25%X0 min
blood glucose + 0.5x30 min blood glucose +
0.5%x60 min blood glucose +0.25%120 min blood
glucose)]/4.

2.6 Histological and
Morphometry

Analysis

Pancreas tissue was fixed in 10% formalin for 1
month and then embedded with paraffin. Tissue
sections (10 um) were cut with a microtome
(Leica, Germany) and mounted on super frost
/plus microscope slides. After being air-dried,
they were stained with hematoxylin and eosin
(HE), and photographed at 100 x magnification.
At least two fields per slice and six slices per islet
mass were analyzed for the purpose of
guantifying tissue size.

2.7 Quantitative Real-Time PCR (gRT-
PCR) for measurement of BcL-2, Bax,
caspaseg, insulin and glucagon Mrna

Total RNA (100 ng), extracted from the pancreas
of rats (in NC, MC, Re-h, Re-h+ ICI 182, 780,
and PC group, respectively) with different
treatments using Trizol Reagent (Invitrogen,
USA), was reverse transcribed to first-strand
complementary DNA (GE Healthcare Bio-
Sciences, Piscataway, NJ, USA). gRT-PCR was
performed in a 25-ul final reaction volume with
an iCycler iQ Detection System using iQ SYBR
Green  Supermix  (Bio-Rad Laboratories,
Hercules, CA, USA). Sequences of the primers
for measuring mRNA levels of Bcl-2, Bax,
caspase3, insulin, and glucagon were as follows:
5-TTGCTACAGGGTTTCATCCAGG-3 [forward
primer] and 5-CACTCGCTCAGCTTCTTGGT-3
[reverse primer] for Bcl-2;

5'- TTGCTACAGGGTTTCATCCAGG -3' [forward
primer] and

5'- CACTCGCTCAGCTTCTTGGT-3'
primer] for Bax;

5'- GGAGCTTGGAACGCGAAGAA -3' [forward
primer] and

5'- GTCCATCGACTTGCTTCCAT -3' [reverse
primer] for Caspase3;
5'-GACCATCAGCAAGCAGGTCA-3'[forward
primer] and

[reverse
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5'- CACCAGGTGAGGACCACAAA-3' [reverse
primer] or
5“TTCTCACTTGGTGGAAGCTCT-3'  [forward
primer] and

5“GTTGTGCCACTTGTGGGTCC-3'[reverse
primer] for insulin;

5'- GGAACCGGAACAACATTGCC-3'[forward
primer] and

5'- CTTCCTCGGCCTTTCACCAG-3'[reverse
primer] for glucagon;
5-AATGTGTCCGTCGTCGTGATCT-3'
primer] and
5-CATCGAAGGGGTGGAAGAGTGG-3'
[reverse primer] for GAPDH; respectively.

[forward

2.8 Western Blots Analysis for Akt and
eNOS Protein

Extraction of protein from pancreas of rats (in
NC, MC, Re-l, Re-h, Re-h+ ICI 182780, Re-h+
MK-2206, and E2 treated group, respectively),
and immunoblotting followed standard
procedures. Briefly, those of 30 ug total protein
were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and were transferred to  nitrocellulose
membranes. Then, the membranes were blocked
and subjected to immunoblot analysis by
incubation with the following antibodies. Using a
1:1000-diluted anti-phospho Akt (*"*Ser) antibody
(CAS#9271) (Cell Signaling, Danvers, MA, USA)
or a 1:1000-diluted anti-Akt antibody (CAS#9272)
(Cell Signaling) for detection of Akt in pancreas.
Using a 1:1000-diluted anti-phospho eNOS
antibody (CAS#S1177) (Cell Signaling, Danvers,
MA) or a 1:1000-diluted anti-eNOS antibody
(eNOS/NOS Type lll, CAS#610296; BD
Biosciences) for detection of eNOS in pancreas.
Followed incubation with a 1:20,000-diluted
horseradish peroxidase-conjugated anti-rabbit
IgG (Dako Japan Co. Ltd., Kyoto, Japan). Beta-
actin (anti-beta actin antibody, CAS# sc1616;
Santa Cruz, CA, USA) was detected for
verification of protein loading. Proteins were
detected using an advanced enhanced
chemiluminescence system (GE Healthcare,
Buckinghamshire, UK) and quantified by
densitometry using IPP, version 6.0, software
(Media Cybernetics, Silver Spring, MD, USA).
The reagents for electrophoresis were obtained
from Bio-Rad Laboratories, Inc. (Hercules, CA,
USA).

2.9 Statistical Analysis

Origin Pro 8.5 analysis software was used for
Statistical analysis. All data are expressed as

220



mean + SD. The differences between two groups
were analyzed by Student’s t test. More than two
conditions were analyzed by repeated-measures
analysis of variance (rANOVA). Differences were
considered statistically significant when P < 0.05.

3. RESULTS AND DISCUSSION

Panaxadiols and
Ginsenosides on
Type 2

3.1 Effects of
Panaxatriols
Glucose Metabolism in
Diabetes Rats

High-fat diet (HFD) feeding and injection of
Streptozotocin (STZ) very significantly increased
fasting blood glucose (FBG), fasting blood insulin
(FINS), glycosylated hemoglobin (HbAlc) and
glucagon (Gcg) levels, and very significantly
decreased insulin sensitivity index (ISI), in the
type 2 diabetes (T2D) model control group rats
(MC) that compared with normal control (NC)
(Fig. 1B-E). This indicated that glucose metabolic
disorder established in the T2D rats.

After treated T2D rats with low and high dose of
panaxadiols (Rbl, Rd, Rg3) and panaxatriols
(Re, Rgl) in ginseng (Fig. 1A), for 4 weeks,
respectively. Compared panaxadiols and
panaxatriols treated 2TD rats with those of the
non-treated MC , the differences in FBG, FINS,
ISI, HbAlc, and Gcg level are no significant
change in Rd-l and Rd-h treated 2TD group rats
(P>0.05); significant decrease of FBG and FINS
observed in Rbl-l, Rbl-h, Rg3-l, Rg3-h, and
Rg1-l treated (P<0.05); significant increase of ISI
observed in Rbl-l, Rbl-h, Rg3-l, Rg3-h ,Rgl-I
and Rgl-h treated (P<0.05); significant decrease
of HbAlc observed in Rbl-l, Rg3-l, and Rgl-l
treated (P<0.05); significant decrease of Gcg
observed in the Re-l treated only (P<0.05); more
significant decrease of FBG and FINS observed
in the Rgl-h, Re-l and Re-h treated (P<0.01);
more significant increase of I1SI observed only in
the Re-h treated (P<0.01); more significant
decrease of HbAlc observed in the Rb1-h, Rg3-
h, Rgl-h and Re-l treated (P<0.01); more
significant decrease of Gcg observed in the Re-h
treated only (P<0.01); The most significant
decrease of FBG and HbAlc observed in the Re-
h treated only (P<0.001); compared Re-l treated
rats with those of rats treated by other
ginsenosides at low dose, respectively; the
differences in FBG, ISI, HbAlc, and Gcg level
are significant (P<0.05) or very significant
(P<0.01); similar significant (P<0.05) or very
significant (P<0.01) differences are observed in
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compared Re-h treated rats with those of rats
treated by other ginsenosides at high dose,
respectively; compared between Re-l and Re-h
treated group rats , the differences in FBG, ISI,
HbAlc, and Gcg level are significant (P<0.05) ;
as shown in FiglB-F. In sum of above, the
intensity of the regulative actions induced by
panaxadiols and panaxatriols ginsenosides on
the glucose metabolic disorder are: Re-h>Re-
[>Rg1-h>Rg1-I>Rg3-h>Rg3-I>Rb1-h. This
suggesting that the panaxatriols (Re and Rg1),
especially Re elicit potent regulative effect on
glucose metabolic disorder. Rosiglitazone
showed similar regulation to that of Re (Fig. 1B-
E).

3.2 Effects of Panaxadiols and
Panaxatriols Ginsenosides on
Glucose Tolerance and Insulin

Tolerance in 2TD Rats

In the OGTT, compared with NC rats, the rats in
MC have very significant higher level of FBG
(P<0.01) at the all point of test tiame and very
significant increase of AUC (P<0.01); compared
panaxadiols and panaxatriols treated 2TD rats
with those of the non-treated MC , the difference
in FBG level and AUC are no significant change
in Rd-h treated 2TD group rats (P>0.05);
significant decrease of FBG observed in Rb1-h,
Rg3-h, and Rgl-h treated (P<0.05); more
significant decrease of FBG and AUC observed
in the Re-h treated (P<0.01), more significant
decrease of AUC also observed in the Rgl-h
treated (P<0.01); rosiglitazone showed similar
effect of Re; at the all point of test time,
respectively; compared Re-h treated rats with
those of rats treated by other ginsenosides at
high dose, respectively; the differences in FBG
level and AUC are significant (P<0.05) ; as
shown in Fig. 2A-B. In the ITT, after
administration of insulin for 30min, FBG levels
were decreased in the all groups of rats.
Compared with NC rats, the rats in the MC still
have very significant higher level of FBG
(P<0.01) at the all point of test time and very
significant increase of AUC (P<0.001); compared
with MC rats, the FBG level and AUC, are not
significantly changed in the Rd-h treated 2TD
group rats (P>0.05); significantly decreased in
the Rb1-h, Rg3-h, and Rgl-h treated (P<0.05),
respectively; more significantly decreased in the
Rd-h and rosiglitazone treated (P>0.05);
compared Re-h treated rats with those of rats
treated by other ginsenosides at high dose,
respectively; the differences in FBG level and
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AUC are significant (P<0.05) ; as shown in Fig.e
2C-D.

3.3 Effects of Panaxadiols and
Panaxatriols Ginsenosides on Lipid
Metabolism in 2TD Rats

In the above experiments, compared with the NC
group rats, the rats in the MC group had very
significantly higher mean serum levels of total
cholesterol (TC) (P<0.01), triglyceride (TG)
(P<0.001), low-density lipoprotein cholesterol
(LDL-C) (P<0.001), and free fatty acid (FFA)
(P<0.001), as shown in Figure 3A-D; and had
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very significantly lower mean serum levels of
high-density lipoprotein cholesterol (HDL-C)
(data not shown). This indicated that lipid
metabolic disorder established in the 2TD model
rats. The model rats treated by the panaxadiols
and panaxatriols for 4 weeks, respectively;
compared panaxadiols and  panaxatriols
ginsenosides treated rats with those of non-
treated MC group rats, respectively; the mean
serum levels of TC were no significant change in
the Rd-| treated group rats, significant decrease
in Rd-h, Rb1-l, Rb1-h, Rgl-l, and Rgl-h treated
group rats (P<0.05); more significant decrease in
the Rg3-h, Re-l and Re-h treated (P<0.01); the
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Fig. 1. Effects of panaxadiols and panaxatriols on FBG, FINS, ISI, serum HbAlc and
glucagon in type 2 diabetes rats. A. Chemical structures of panaxadiols and panaxatriols
derivatives of ginseng used. B. Fasting blood glucose (FBG) levels, C. Fasting blood
insulin (FINS) levels, D. Insulin sensitivity index (ISl), E. Serum glycosylated hemoglobin
(HbA1lc), and F. Fasting blood glucagon levels, in the rats of normal control group (NC),
type 2 diabetes (T2D) model control group (MC), 2TD treated by Rosiglitazone (positive
control group, PC), and treated by low and high dose of panaxadiols and panaxatriols,
respectively. In the B, C, D, F, and E, the 1is NC group, 2 is MC, 3is PC, 4 is low dose of
ginsenoside Rd (Rd-l) treated, 5 is high dose of Rd (Rd-h) treated, 6 is low dose of
Rb1(Rb1-l) treated ,7 is high dose of Rb1(Rb1-h) treated, 8 is low dose of Rg3 (Rg3-I)
treated, 9 is high dose of Rg3 (Rg3-h) treated,10 is low dose of Rgl (Rg1-l) treated,11is
high dose of Rg1(Rg1-h) treated, 12 is low dose of Re (Re-l) treated and 13 is high dose of

Re-h (Re-h) treated group, respectlvely Compared with NC, P<0.05, P<O 01,
P <0. 001; Re-l compared with Rd- I Rb1-1, R%S I
and Rg1-l, Re-h compared W|th Rd-h, Rb1-h, Rg3-h and Rg1-h, respectlvely,
P <0.05. Each group has 10 rats in the 13 groups (N=10).

compared with MC, P <0.05, P <0.01,

<0.01; compared with Re-l,

P<0.001;

4
P <0.05 P
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Fig. 2. Effects of panaxadiols and panaxatriols on glucose tolerance and insulin tolerance in
type 2 diabetes rats. A. Fasting blood glucose (FBG) levels in the rats of normal control group
(NC), type 2 diabetes (T2D) model control group (MC), 2TD treated by Rosiglitazone (positive
control group, PC), and treated by high dose of panaxadiols (Rd-h, Rb1-h, Rg3-h) and
panaxatriols (Rgl-h, Re-h) at 0 min (before glucose administration), 30 min, 60 min, and 120
min after glucose administration, respectively. B. Calculated area under blood glucose curve
(AUC) in the NC, MC, and PC, Rd-h, Rb1-h, Rg3-h, Rg1-h, Re-h treated group rats, respectively.
C. FBG levels in the NC, MC, and PC, Rd-h, Rb1-h, Rg3-h, Rgl-h, Re-h treated group rats, at 0
min (before insulin administration), 30 min, 60 min, and 120 min after insulin administration,
respectively. D. Calculated AUC in the NC, MC, and PC, Rd-h, Rb1-h, Rg3-h, Rgl-h, Re-h

treated group rats, respectively. Compared with NC, P<0.05, P<0.01, P<0.001; compared

with MC, P <0.05, P <0.01,

P <0.001; Re-h compared with Rd-h, Rb1-h, Rg3-h and Rg1-h,

#
respectively, P <0.05. Each group has 5 rats (N=5).

most significant decrease in the Rg3-l treated
group rats (P<0.001); as shown Fig. 3A. The
intensity of the lowering blood TC by various
ginsenosides is: Rg3-l > Re-I> Rg3-h > Re-h>
Rbl-l > Rbl-h > Rgil-h> Rd-h>Rgl-I>Rd-I.
Rosiglitazone showed similar regulation to that of
Rb1-l (Fig. 3A). The mean serum levels of TG
were no significant change in the Rd-I and Rd-h
treated group rats, significant decrease in Rgl-|
and Rgl-h treated (P<0.05), more significant
decrease in the Rbl-l and Rb1-h treated
(P<0.01), the most significant decrease in the
Rg3-l, Rg3-h, Re-l, and Re-h treated group rats
(P<0.001); as shown in Fig. 3B. The intensity of
the lowering blood TG by various ginsenosides

is: Rg3-l > Re-h >Rg3-h > Re-I> Rb1-h > Rb1-l >
Rgl-h> Rgl-l. Rosiglitazone showed similar
regulation efficacy to that of Rb1-h (Fig. 3B). The
mean serum levels of LDL-C that were no
significant change in the Rd-l and Rd-h treated
group rats (P>0.05), significant decrease in Rb1-
[, Rb1-h, Rg3-l, and Rg3-h treated(P<0.05), more
significant decrease in the Rgl-l, Re-l and Re-h
treated(P<0.01), the most significant decrease in
the Rgl-h treated group rats (P<0.001); as
shown in Fig. 3C. The intensity of the lowering
blood LDL-C by various ginsenosides is: Rgl-h >
Re-l > Rgl-l > Re-h > Rg3-h >Rg3-l >Rb1l-h
>Rb1-l. Rosiglitazone showed similar regulation
efficacy to that of Re-l (Fig. 3C).The mean serum
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levels of FFA that were no significant change in
the Rd-l and Rd-h treated group rats (P>0.05),
significant decrease in Rb1-l, Rb1l-h, Rg3-l, and
Rg3-h treated (P<0.05), more significant
decrease in the Rgl-l, Rg-h and Re-l treated
(P<0.01), the most significant decrease in the
Re-h treated group rats (P<0.001); as shown in
Fig. 3D. The intensity of the decreasing serum
FFA level by various ginsenosides is: Re-h > Re-
[ > Rgl-h > Rgl-l > Rg3-h >Rg3-I >Rb1-h >Rb1-I.
Rosiglitazone showed similar regulation efficacy
to that of Rgl-l (Fig. 3D). The various
ginsenosides had significant increasing effects
on the serum HDL-C, high dose of them showed
more obvious effects except the Re-lalso has
obvious effects (data not shown). In sum of
above, data suggesting the Rg3 and Re has
potent regulative effects on lipid metabolic
disorder.

3.4 Effects of Panaxadiols and
Panaxatriols Ginsenosides on
Oxidative Stress and Inflammation in
2TD Rats

The same the above experiments, the effects of
various ginsenosides on serum superoxide
dismutase (SOD), glutathione peroxidase (GSH-
Px) activities and malondialdehyde (MDA) levels
showed as in Fig. 4A-C; The intensity of anti-
oxidative stress by various ginsenosides is: Re-
h> Rgl-h >Re-I> Rb1l-h > Rg3-h> Rg1l-l >Rd-h>
Rb1-l >Rg3-I> Rd-I. As showed in the Fig.e 4D-F,
the Re more significantly decreased serum tumor
necrosis factor alpha (TNF-a), nuclear factor kB
(NF-kB) and interleukin 6 (IL-6) levels (P<0.01)
compared with those of other ginsenosides
tested (P<0.05); especially, very significant
decrease in serum IL-6 observed only in the Re-I
and Re-h treated rats (P<0.01). These
suggesting that the Re has potent anti-oxidative
stress and anti-inflammation in 2TD rats.

3.5 Effects of Ginsenoside Re on Bcl-2,
Bax and Caspase3 MRNA
Expression and Histological Change
in pancreas of 2td Rats

As showed in the Fig. 5A-D, compared with the
NC rats, the rats in MC had very significant lower
level of B-cell lymphoma-2 (Bcl-2) mRNA
expression (P<0.01), very significant higher level
of B-cell lymphoma-2 associated X protein (Bax)
(P<0.01) and caspase3 mMRNA (P<0.01)
expression in pancreas. Compared with the MC,
Re very significantly up regulates Bcl-2 mRNA

Gao et al.; JPRI, 33(54B): 216-236, 2021; Article no.JPRI.77027

(P<0.01), down regulates Bax (P<0.01) and
Caspase3 mRNA (P<0.05 for Re-l, P<0.01 for
Re-h) expression in the pancreas of 2TD rats,
exhibit potent anti-apoptosis effects. The
histological analysis and morphometry data were
shown in Fig. 5E-I, the pancreas of NC rats are
mostly oval or round cell clusters, with different
sizes, regular structures, and a large number.
The islet boundaries are clear, the cells are
abundant in the islets, the size is regular, full,
and the arrangement is regular and compact.
Compared with NC, the pancreas of MC rats is
atrophy, the number of islets is significantly
reduced, the distribution of islets is loose, sparse,
and irregular, the structure of the islets is
disordered, the boundary is unclear, the cells in
the islets are deformed, swollen, and the
cytoplasm is vacuolated or shallow, which can be
seen Apoptotic or dead cells with missing or
pyknotic nuclei. Compared with MC rats, the islet
damage of the rats treated with Re and
Rosiglitazone were significantly repaired, the
islets and the cells in the islets increased
significantly, the structure of the islets was more
regular and the atrophy was significantly
improved, the islet cells were arranged more
uniformly, and the morphology was more regular.
The arrangement is relatively neat, swelling,
vacuolating cells, and apoptotic and dead cells
are reduced; the effect of large doses of Re is
better than that of small doses.

Altogether, these data suggesting that Re
produces potent antidiabetic effects in T2D rats.
To understand the molecular mechanisms by
which Re produce potent antidiabetic effects, we
employed following experiments.

3.6 Ginsenoside Re Activates Akt via ER
Signaling Pathway in T2D rats

Estrogenic activities have suggested as a
mechanism of ginseng’s actions, and Re was
one of the major component that possess
estrogenic  activities in  ginseng [25,31].
Moreover, our previous report demonstrated that
Re activates cardiac potassium channels via a
nongenomic pathway of sex hormones (including
estrogen) [29]. Importantly, sex hormones and
sex hormone receptor, particularly, estrogen and
estrogen receptor (ER), play an important role in
the pathogenesis and remission of T2D [16].
These findings encouraged us to hypothesis that
whether Re produce potent antidiabetic effects
via ER signaling pathway. To test this
hypothesis, we, first, proceeded western blot
analysis to determine whether Re phosphorylate
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threonine kinase (Akt) that was a critical node
cascade in the classical sex hormone receptors
signaling pathway, and test the effects of
inhibitors of ER and Akt. Results of western blot
analysis were shown as in Fig. 6A-B, compared
with MC, Re-l treated significantly phosphorylate
Akt (P<0.05), Re-h treatment more significantly
phosphorylated Akt (P<0.01) in T2D rats; ICI-
182,780, an inhibitor of ER, and MK-2206, a Akt
inhibitor, inhibited Re-h induced Akt
phosphorylation (P<0.01). These data indicate
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that Re activates Akt via ER signaling pathway.
Second, we tested whether potent antidiabetic
effects of Re mediated by ER/Akt signaling
pathway. We analyzed the effects of ICI-182,780
and MK-2206 on the hypoglycemic and
improving ISI actions of Re. As shown in the
Fig.e 6C-D, ICI-182,780 and MK-2206 abolished
Re-induced hypoglycemic and improving ISl
effects (P<0.01). This functional analysis
suggesting that the antidiabetic effects of Re
mediated by ER/Akt signaling pathway.
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Fig. 3. Effects of panaxadiols and panaxatriols on serum TC, TG, LDL-c and FFA in type 2
diabetes rats. A. Serum levels of TC, B. Serum levels of TG, C. Serum levels of LDL-C, and D.
Serum concentrations of FFA, in the rats of normal control group (NC), type 2 diabetes (T2D)

model control group (MC), 2TD treated by Rosiglitazone (positive control group, PC), and

treated by low and high dose of panaxadiols and panaxatriols, respectively. In the A, B, C, and
D,the 1is NC, 2is MC, 3is PC, 4 is Rd-l treated, 5 is Rd-h treated, 6 is Rb1-I treated, 7 is Rb1-h
treated, 8 is Rg3-I treated, 9 is Rg3-h treated,10 is Rg1-l treated,11is Rgl-h treated, 12 is Re-|

treated and 13 is Re-h treated group, respectively. Compared with NC, P<0.05, P<0.01,
* + ++ +++

P<0.001; compared with MC, P <0.05,

P <0.01,
Rg3-l and Rg1-l, Re-h compared with Rd-h, Rb1-h, Rg3-h and Rgl-h, respectively,

P <0.001; Re-l compared with §d-l, Rb1-l,
P <0.05.

Each group has 10 rats in the 13 groups (N=10).
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Fig. 4. Effects of panaxadiols and panaxatriols on serum SOD, MDA, GSH-Px, TNF-a, NF-kB
and IL-6 levels in type 2 diabetes rats. A. Serum SOD activities, B. Serum MDA levels, C. Serum
GSH-Px activities, D. Serum TNF-a levels, E. Serum NF-kB levels, and F. Serum IL-6 levels, in
the rats of normal control group (NC), type 2 diabetes (T2D) model control group (MC), 2TD
treated by Rosiglitazone (positive control group, PC), and treated by low and high dose of
panaxadiols and panaxatriols, respectively. In the A, B, C, D, E, and F, the 1is NC, 2is MC, 3is
PC, 4 is Rd-l treated, 5 is Rd-h treated, 6 is Rb1-I treated ,7 is Rb1-h treated,8 is Rg3-l treated, 9
is Rg3-h treated,10 is Rg1-l treated,11lis Rg1-h treated, 12 is Re-l treated and 13 |s Re-h treated

group, respectlvely Compared with NC, P<0.05, P<0.01; compared with MC, P <0.05, " P
<0.01, P <0.001; Re-l compared with Rd- I# Rb1-1, Rg3-l and Rgl-l, Re-h compared with Rd-h,

Rb1-h, Rg3-h and Rgl1-h, respectively, P <0.05; compared with Re-l, P <0.05. SOD:
superoxide dismutase; MDA: Malondialdehyde; GSH-Px: glutathione peroxidase; TNF-a: tumor
necrosis factor alpha; IL-6: Interleukin 6. Each group has 10 rats in the 13 groups (N=10).

3.7 Ginsenoside Re Activates Endothelial
Nitric Oxide Synthase via ER/Akt
Signaling and the Antidiabetic Effects
of Ginsenoside Re Involve Nitric
Oxide Actions

It has been suggested that nitric oxide (NO)
action as a mechanism of ginseng’s actions [26].
Moreover, our previous report demonstrated that
Re activates endothelial nitric oxide synthase
(eNOS) through sex hormone receptor including
estrogen receptor alpha (ERa) and androgen
receptor (AR) signaling, Re-induced delayed
rectifier K* current enhancement and L-type Ca**
current suppression involved NO (release from
eNOS) actions in guinea-pig cardiomyocytes
[29,30]. Importantly, results from present study
strongly suggested that eNOS might be a main
downstream signal cascade in the ER/Akt
signaling pathway. We, therefore, reasoned that
NO derived from eNOS should be an important
effector in the ER/Akt signaling pathway and the
antidiabetic effects of Re involve the NO actions.

To test the propose, first, we employed western
blot analysis to determine whether Re activates
eNOS via Akt signaling that a critical node in the
downstream of the ERa signaling pathway and
upstream of the eNOS activation. The results of
western blot analysis shown as in the Fig. 7A,
compared with NC rats, the rats in MC had very
significant lower phosphorylated eNOS proteins
(P<0.01) in the pancreas of T2D rats, Re-treated
very significantly increase the impaired
phosphorylated eNOS protein levels (P<0.01),
MK-2206 (a Akt inhibitor) treated completely
inhibited Re-induced eNOS phosphorylation
(P>0.05). Consistently, these data led us to
conclude that Re activate eNOS through Akt
signaling. Second, we examined whether the
antidiabetic effects of Re involve the NO actions.
We use eNOS inhibitor (L-N5 -(I-iminoethyl)
ornithine, L-NIO) and NO donor (S-nitroso-N-
acetylpenicillamine, SNAP) to determine NO
involved in the antidiabetic effects of Re. As
shown in Fig. 7B-D, L-NIO treated very
significantly inhibited Re-induced actions of
lowering FBG, decreasing serum HbAlc and
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improving insulin sensitivity (P<0.01); Re plus
SNAP treated that compared with Re-treated
alone, did not significant changed in Re-induced
lowering FBG, serum HbAlc and increasing
insulin sensitivity (P>0.05); whereas, SNAP
treated alone that compared with MC very
significantly decreased FBG, serum HbAlc and
increased insulin sensitivity (P<0.01). These data
suggested that NO (release from eNOS) actions
involved in the antidiabetic effects of Re and NO
acts as a main effector in the ER/Akt/eNOS

w

Bl

Retative mRNA expression of Bol-2 (folg)
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signaling pathway that mediated the antidiabetic
effects of Re. However, it should be noted that L-
NIO treatment did not completely revers Re-
induced lowering FBG, serum HbAlc and
increasing insulin sensitivity; there are still
significant difference between MC and Re plus L-
NIO treated in the FBG, serum HbAlc and
insulin sensitivity subjects (P<0.05); this data
suggesting that might be alternative effectors or
signals molecules are also participated in the
antidiabetic effects of Re.

D E
7 Wy P THL P 0o e 7 S
] _-"‘ N NSRS tl P
) y od ' »
® e i A
“:n/- L& b, _‘ >4 3
£ o SN A S e
7 08 b, o Ot KRE
E’ 3 } ".: N \2_%‘}
5 %5 i “'\\;TA‘A%)?‘T“!? :v ﬁ\) :5 t‘t?-'si
¥ oa :; w(.}) ‘c‘gu“, "\“‘hr,l‘,‘. &\i‘\i‘%
X 'NC e G5 ‘,;)1 '-:ﬁ"ﬁo‘é’ ¢
glu- (2 =-£)"F:3>53‘-§‘Q0 '.Q’.Z ‘%
G |
"$hen 2 -7 Sl N et
30 7 oY, 2D ¢
&*%’ - oF 4;‘,5;? AN Y
[ ¥ DA A
o ¥ CSTEy, D05 X e,
e g, e 3G
at® 3 . """.Ja",..&f{,:;:;’a'.’.
A i T
O R A A
%ﬁgv n e .""?':-_“',\4-",'."1"4’. <"
r‘:’;,"a-\_\ ¢ 5 o \(.: 3 ,..n_ '-g‘_ﬂ‘-,e‘_ l-',. »
‘Re-h; TPC. VAS R a)
[t Lo P Lo U W A P

Fig. 5. Effects of Re on Bcl-2, Bax and Caspase3 mRNA expression and histological change in
pancreas of type 2 diabetes rats. A. Representative northern blot of Bcl-2, Bax and Caspase3
MRNA expression of pancreas in the rats of normal control group (NC), type 2 diabetes (2TD)

model control group (MC), type 2 diabetes rats treated by Rosiglitazone (positive control
group, PC), and Re low (Re-l) and Re high dose (Re-h) treated group, respectively. B.
Calculated Bcl-2 mRNA expression levels, C. Calculated Bax mRNA expression levels, and D.
Caspase3 mRNA expression levels, in the NC, MC, PC, and Re-l, Re-h treated group,
respectively (N=3). The E, F, G, H, and |, presents hematoxylin and eosin (HE) staining of
pancreas of rats in the NC (E), MC (F), Re-l (G), Re-h(H), and PC(l) group, respectively.
Compared with NC, P<0.05, P<0.01; compar@ed with MC, P <0.05, P <0.01; Compared with
Re-l, P <0.05.
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Fig. 6. Re induces Akt phosphorylation and effects of ICI1182,780 and MK-2206. A.
Representative western blots and densitometric analysis of Akt phosphorylation by Re (N=3).
B. Effects of 1CI182,780 and MK-2206 on Akt phosphorylation by Re (N=3). C. Effects of
ICI182,780 and MK-2206 on lowering FBG by Re (N=10). D. Effects of IC1182,780 and MK-2206
on improving insulin sensitivity by Re (N=10). NC: normal control group; MC: type 2 diabetes
(T2D) model control group; Re-l: T2D rats treated by low dose of Re group; Re-h: treated by

high dose of Re; Re+l: treated by Re-h plus ICI1182,780; Re+M: treated by Re-h plus MK-2206.
P<0.001; compared with MC P <0. 05
<0.001; compared with Re-h plus various inhibitors, respectlvely,

<0.001; compared with Re-l,

Compared with NC, P<0.05, P<0.01,

3.8 Regulative Effects of Ginsenoside Re
on Insulin and Glucagon in T2D Rats

Interestingly, it has been demonstrated that
estrogen and ER signaling pathway regulate
devers targets molecules and signaling pathway
including insulin ang glucagon-like peptide 1
(GLP-1) that paly important roles in the
development of T2D and insulin resistence [16].
These findings make us to speculate that
whether Re could mimic the regulative effects of
estrogen on insulin and GLP-1. To examine the
speculations, we, first, proceeded Quantitative
Real-Time PCR analysis to determine regulative
effects of Re on insulin and glucagon (Gcg)
MRNA expression in pancreas and measured
pancreatic insulin content (PINS). As shown in
Fig. 8A-C, compared with NC rats, the rats in the
MC had very significant lower insulin mRNA
expression and PINS (P<0.001), and very higher
Gcg mRNA expression (P<0.001); indicating that
not only insulin gene expression, but also Gcg
gene expression were dysregulated in pancreas

+++

P<0.01, P

P <005~ P<001 P

@
P <0.05.

of T2D rats. Compared with MC, Re-h treated
very significantly reverse the impaired insulin
MRNA expression and decreased PINS (P<0.01)
as well as the increased Gcg mMRNA expression
(P<0.01). ICI-182,780 treated very significantly
inhibited Re-induced enhancement of insulin
mMRNA and PINS (P<0.01) as well as
suppression of Gcg mMRNA (P<0.01). These
results indicate that Re normalize dysregulated
insulin and Gcg via ER signaling in pancreas.
Second, we analyzed GLP-1content in ileum and
colon of T2D rats and observed effects of Re on
GLP-1. Compared with NC, MC has very
significant lower GLP-1 concentrations (P<0.01);
while treated with Re-h and E2, respectively,
compared with MC, Re very significantly
increased GLP-1 concentrations (P<0.01), more
ovious increasement observed in E2 treated
(P<0.001); plus ICI-182,780 in the Re treatment,
very  significantly  decreased Re-induced
enhancement of GLP-1 concentrations (P<0.01)
(Fig..8D). These results indicate that Re reverse
impaired GLP-1 through ER signaling.

228



Overall, these data led us to speculate that not
only NO (release from eNOS) acts as a main
effector, but also alternative effectors or signal
molecules such as insulin, Gcg, and GLP-1
participated in ER signaling pathway that
mediated potent antidiabetic effects of Re.

4. DISCUSSION

In the present study, our data indicate that Re
produces potent antidiabetic effects that
characterized in integrated multi-targeted
actions, integrating of the multi-targeted actions
of Re mediated by ER signaling pathway. These
findings revealed a novel molecular mechanism
that activation of ER/Akt/eNOS/NO signaling
pathway by Re was mainly responsible for the
multi-targeted potent antidiabetic effects of Re on
T2D (Fig. 8E).

4.1 Ginsenoside Re Produces Potent
Antidiabetic Effects

More than 40 different ginsenosides that have
been identified and isolated from the root of
Panax ginseng were generally divided into two
major groups panaxadiols (e. g. Rb1l, Rb2, Rc,
Rd, Rg3, Rh2, Rh3) and panaxatriols (e. g. Re,
Rf, Rgl, Rg2, Rh1l) based on their chemical
structure [32]. In the present study, we firstly
evaluated antidiabetic efficacies of five tapes of
representative panaxadiols (Rbl, Rd, Rg3) and
panaxatriols (Re, Rgl) on T2D in the same
experimental system, and the Re was identified
more effective component. The five tapes of
ginsenosides that are quantitatively the most
important derivatives among the all ginsenosides
in the ginseng root, have the higher absolute
bioavailability in the oral administration of
ginseng, as well as the commonly studied
ginsenosides derivatives regarding metabolic
syndromes including diabetes [24,33]. We
evaluated the effects of five tapes of
ginsenosides on 2TD with examine the main
indexes including FBG, ISI, HbAlc, TC, TG,
LDL-C, FFA, SOD, MDA, GSH-Px, TNF-a, NF-
kB and IL-6 could reflect the main aspects of
pathogenesis and therapeutic targets for T2D
[1,4,5,6]. Results of comprehensive analysis from
the main indexes indicated that the Re has the
potent antidiabetic effects that characterized in
the most significantly lowering blood glucose and
glucagon, improving insulin sensitivity, anti-
inflammation, and anti-oxidative stress,
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compared with the others tested (Figs. 1-4);
whereas regulative actions of Rbland Rg3 on
the glucose metabolic disorder and inflammation
were less powerful, compared with the Re , the
powerful actions of Rbland Rg3 characterized in
the antihyperlipidemic efficacies (Fig. 3), it is
supported by previous reports [34, 35, 36]. Rd, a
main component of panaxadiols, has weaker
efficacies on anti-hyperglycemia and anti-
hyperlipidemia. Rgl, a main component of
panaxatriols, exhibits various biological activities
[37], characteristics of the actions are similar the
actions of ginsenoside Re, but the potency of
actions was weaker than that of ginsenoside Re
(Fig. 1-4). Our study also found the common
feature in the actions of panaxadiols and
panaxatriols are significant anti-oxidative stress.
Sum of above, we reasoned that Re was the
most effective component for T2D among the
panaxadiols and panaxatriols derivatives were
tested.

4.2 The Potent Antidiabetic Effects of
Ginsenoside Re Characterized by
Multi-targeted Therapeutic Actions

Our data not only confirmed Re exhibiting
pharmacological effects of anti-hyperglycemia,
anti-hyperlipidemia and anti-oxidative stress on
metabolic syndrome including diabetes [38, 39],
but also firstly showed more potent efficacies of
Re among the representative panaxadiols and
panaxatriols derivatives on T2D (Figs 1-4).
These results are supported by several studies
[27, 28]. Moreover, our data also firstly showed
Re decrease serum IL-6, TNF-a and NF-kB
levels in T2D rats (Figure 4D-F), and provide
more evidences for Re possesses significant
anti-inflammatory actions. These results are
supported by independent reports that Re inhibits
NF-kB and antagonizes TNF-a in cultured 3T3-
L1 cells [40,41]. In addition, our experiments
firstly explored the anti-apoptotic activities of Re
that characterized in the up regulation of Bcl-2
MRNA and down regulation of Bax and caspase-
3 mRNA expression in the pancreas of T2D rats
(Fig. 5A-D). It has demonstrated that Re has
anti-apoptotic effects via regulation of Bcl-2, Bax,
inducible nitric oxide synthase (iNOS) and
caspase-3 in substantia nigra neurons of
Parkinson's disease mouse model [42]. More
importantly, our results also first time showed
antidiabetic effects of Re involve NO (release
from eNOS) actions (Fig.e 7), reports from our
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#it
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previous study and others have demonstrated
the NO actions involve beneficial effects of Re in
several other tissues [30,43]. Our data also
confirmed Re enhances GLP-1 secretion in ileum
and colon of T2D rats (Fig.8D) [44]. It should be
noted that our data also firstly showed Re
normalized the dysregulated insulin and Gcg
gene expression, and reverse impaired insulin
content in pancreas of T2D rats (Fig. 8A-C).
Collectively, our study demonstrated that Re
produces multiple therapeutic effects on T2D |,
such as anti-oxidative stress, anti-inflammation ,
anti-apoptosis, restoration of pancreatic B-cell as
well as a-cell functions , and normalizing
dysregulated insulin and Gcg, results in
improving insulin sensitivity, anti-hyperglycemia,

and anti-hyperlipidemia; in which Re regulates
multiple target molecules including ER, Akt,
eNOS, NO, insulin , Geg, GLP-1 , Bcl-2, SOD,
TNF-a, IL-6 that were closely associated with
pathogenesis and remission of 2TD.

4.3 Integrating of the Multi-targeted
Potent  Antidiabetic  Effects of
Ginsenoside Re Mediated by ER
Signaling Pathway

It has demonstrated that several signaling
molecules including AMPK, GLUT4, GLP-1,
PPAR-y, SOD, Bcl-2, TNF-a, and NF-kB act as
potential targets for antidiabetic effects of Re [38-
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41,44-46]. However, signaling pathway by which
Re regulate the multiple signaling molecules is
not yet clearly elucidated. Accumulating evidence
has implicated that many biological actions of
ginsenosides are mediated by plasma membrane
receptors /or intracellular receptors signaling,
particularly  steroid receptors, and some
ginsenosides including Re have been shown to
exhibit estrogen-like activity via acting as a
functional ligand of ER [29,31]. Re acts as full
agonist for sex steroid receptors including ER in
several biological systems [29, 47]. In the
present study, our data show that Re mimic the
multi-targeted  antidiabetic ~ activites  and
insulinotropic properties of estrogen
[12,16,48,49]; functionally, the activities of anti-
hyperglycemia and improving insulin sensitivity
induced by Re were inhibited by the ERa
inhibitor (ICI-182,780) (Fig.5); indicating that the
actions of Re are mediated by ERa. Structurally,
Re and its metabolic derivatives in the intestines
possesses potent affinities to bind human ERa
[25,29, 31]. Consequently, we confirmed Re
activates Akt that was a critical node cascade in
the downstream of ER, signaling pathway;
functionally, the actions of Re were inhibited by
Akt inhibitor (Fig. 6). These results are strongly
supported by several reports that Re activates
ER/or Akt signaling pathway in several other
biological systems and pathophysiological
conditions  including diabetic complication
[29,50,51]. Thus, we reasoned that ERa/Akt
signaling pathway appears to be a main signaling
pathway that is responsible for the antidiabetic
effects of Re. Furthermore, our data showed Re
activates eNOS via ERa/Akt signaling, and Re-
induced antidiabetic actions are inhibited by a
relatively selective inhibitor (L-NIO) of eNOS, and
NO donor (SNAP) treatment did not affect Re-
induced antidiabetic actions (Fig. 7); suggesting
that the antidiabetic effects of Re involve NO
(release from eNOS) actions. Re induce release
of NO from eNOS via activation of ERa /Akt
signaling pathway in several other tissues
[29,43,51]. These evidences encouraged us to
speculate that the NO might be a main effector
that is mainly responsible for the antidiabetic
effects of Re in the ERa/Akt signaling pathway.
This concept could be further supported by
diverse biological actions of NO that play very
important role in the pathogenesis and remission
of T2D [52], ERa/ Akt /eNOS/NO signaling
pathway that was a main classical mechanism
for estrogen actions [53], and Akt /eNOS/NO
signaling pathway is essential for IR, obesity, and
diabetes [52]. In addition, our data also
speculated that several candidate molecules
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such as insulin, Geg, and GLP-1 regulated by Re
through ERa signaling. We did not test whether
NO that released by Re via ERa/ Akt /eNOS
signaling pathway regulates insulin, Gcg, and
GLP-1. It has been demonstrated that ERa
signaling and NO (release from eNOS) regulate
many signaling cascades including insulin,
AMPK, PPAR-y, GLUT4, GLP-1, ATP sensitive
potassium channel (Karp), Bcl-2, TNFa and
cGMP that are closely associated to obesity and
2TD [16, 52,54]. Therefore, NO release from
eNOS act as multi-targeted effector and
messenger in the regulation of glucose
homeostasis and insulin sensitivity, represents
the potential clinical therapeutic importance of
NO-based interventions and NO targeted
therapies that can hopefully facilitate the
development of new treatments named “NO
therapy” for T2D. Altogether, we reasoned that
activation of ERa/Akt/eNOS/NO  signaling
pathway by Re appears to be the main
mechanism for the multi-targeted antidiabetic
effects of Re.

4.4 Ginsenoside Re is an Alternative
Multi-targeted Therapy for T2D

Developing multi-targeted effective therapeutic
measures for multifactorial T2D are on the hunt,
estrogen therapy and NO therapy could be
imaging as potential multi-targeted therapeutic
strategy for T2D [52,54,55]. However, systemic
delivery of estrogen /or NO agent potentially
increase its serious adverse effects of
estrogen/or NO agent toxicity [17,56]. Thus, it is
potentially important in the clinical setting that
Re produces multi-targeted potent antidiabetic
effects via activation of ERa signaling pathway in
the NO dependent manner described in the
present study. It is supported by estrogen
induces eNOS-NO has potential therapeutic
importance [57]. Moreover, Re did not stimulate
proliferation of estrogen-responsive human
breast cancer cell line MCF-7; rather, Re patrtially
inhibited E2-induced MCF-7 proliferation [29],
and it has anticancer effects that without
mediated by ER [58]. In addition, our data imply
that Re is a naturally harvested, mechanisms
specific agonist of ERa. Thus, we expect that Re
is a novel effective and safety multi-targeted
therapeutic for T2D, particularly, a novel
candidate for replacement of both estrogen
therapy and NO therapy in the prevention and
treatment of T2D. It was further supported by Re
has many beneficial effects on the diabetic
complications [38,51,59].
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antidiabetic effects. Akt: Threonine kinase; AMPK: AMP-activated protein kinase; AS160: Akt
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GLUT4: Glucose transporter-4; GK: glucokinase; GSH-Px: Glutathione peroxidase; K, __: ATP

ATP"
sensitive potassium channel; IL-6: Interleukin 6; INS: Insulin; IR: Insulin resistance; LDL-C:
Low density lipoprotein cholesterol; NO: Nitric oxide; NF-kB: Nuclear factor kB; PI3K:
Phosphatidylinositol 3-kinase; ROS: Reactive oxygen species; P: Phosphorylation; PPAR-y:
Peroxisome proliferator-activated receptor gamma; PGC-1a: peroxisome proliferator-activated
receptor-y coactivatoria; SOD: Superoxide dismutase; TG: Triglyceride; TNF-a: Tumor
necrosis factor alpha.
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5. CONCLUSION

In summary, in the present study, identified the
multi-targeted potent antidiabetic effects of Re,
demonstrated a novel pharmacological
mechanism that activating ERa/ Akt /eNOS/NO
signaling pathway by Re was mainly responsible
for the integrated multi-targeted antidiabetic
effects of Re. Our data provide the first evidence
for the potential use of Re, as a multi-targeted
synergistic therapeutic for T2D, particularly, a
novel candidate for replacement of estrogen
therapy and NO therapy in diabetes. Further
studies are necessary to clarified crosstalk
mechanism between ERa signaling and G
protein-coupled  estrogen receptor GPER
(formerly GPR30) signaling underlying the
antidiabetic effects of Re.
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