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Abstract Recent studies have revealed that f-cell dys-
function is an important factor in developing type 2 diabetes.
p-cell dysfunction is related to impairment of the insulin/
IGF-1 signaling cascade through insulin receptor substrate-2
(IRS2). The induction of IRS2 in f-cells plays an important
role in potentiating f-cell function and mass. In this study,
we investigated whether herbs used for treating diabetes
in Chinese medicine—Galla rhois, Rehmanniae radix,
Machilus bark, Ginseng radix, Polygonatum radix, and
Scutellariae radix—improved IRS2 induction in rat islets,
glucose-stimulated insulin secretion and f-cell survival.
R. radix, Ginseng radix and S. radix significantly enhanced
glucose-stimulated insulin secretion compared to the con-
trol, i.e., by 49, 67 and 58%, respectively. These herbs
induced the expression of IRS2, pancreas duodenum
homeobox-1 (PDX-1), and glucokinase. The increased level
of glucokinase could explain the enhancement of glucose-
stimulated insulin secretion with these extracts. Increased
PDX-1 expression was associated with f-cell proliferation,
which was consistent with the cell viability assay. In con-
clusion, R. radix, Ginseng radix and S. radix had an
insulinotropic action similar to that of exendin-4.
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Introduction

Insulin resistance and f-cell dysfunction lead to type 2
diabetes [1]. Insulin resistance and diabetes increase
the incidence of metabolic disorders such as diabetes,
hypertension, dyslipidemia, obesity, stroke, retinopathy,
myocardial infarction and neurodegeneration [1]. f-Cell
dysfunction, which is associated with modulation of f-cell
mass, is an important factor in developing type 2 diabetes
[5, 16]. The dysfunction is related to impairment of the
insulin/IGF-1 signaling cascade [8, 18]. Insulin receptor
substrate 2 (IRS2) is the primary and predominate protein
delivering insulin/insulin like growth factor-1 (IGF-1)
signaling in pancreatic f-cells [18]. The pleckstrin homol-
ogy (PH) and phosphotyrosine-binding (PTB) domains of
IRS2 bind to phosphorylated insulin receptor upon binding
of insulin or IGF-1 to their receptors. Phosphorylated IRS2
protein binds to and activates phosphatidylinositol 3 (PI3)
kinase. PI3 kinase sends signals into several different
pathways [18], resulting in increased cellular growth, anti-
apoptosis and protein synthesis in f-cells. Thus, IRS2 is an
important protein in f-cell growth and survival.

Most studies aimed at determining the role of IRS2 have
been performed in gene-manipulated mice [8, 18]. Mice
overexpressing IRS2 in f-cells were found to improve
glucose homeostasis by enhancing glucose-stimulated
insulin secretion [8]. However, this cannot be applied to
physiological conditions. The question was raised whether
IRS2 induction occurs under physiological conditions.
White [17] found evidence that a cAMP responding ele-
ment (CRE) site exits upstream of the IRS2 coding region
in humans and mice [15]. Several studies have shown that
CRE binding protein (CREB) activation increases IRS2
expression [10, 15]. Exendin-4, a glucagon-like peptide-1
(GLP-1) receptor agonist originally extracted from lizard
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venom, increased IRS2 levels in islets through elevated
intracellular cAMP levels [15]. GLP-1/exendin-4 is known
to enhance glucose-stimulated insulin secretion and to
increase f-cell transcription factors, such as pancreas
duodenum homeobox-1 (PDX-1), to promote f3-cell growth
and survival [4, 15]. These actions of exendin-4 were
associated with IRS2 induction. Thus, IRS2 pathways play
an important role in f-cell expansion, which is required to
elevate insulin secretion to overcome hyperglycemia. In
this study, we investigated whether six herbs used for
treating diabetes in Chinese medicine improved IRS2
induction in rat islets, glucose-stimulated insulin secretion,
and f-cell survival. The herbs used were Galla rhois,
Rehmanniae radix (Rehmannia glutinosa LIBOSCHITZ
var. purpurea MAKING), Machilus bark (Machilus thy-
nbergii SIEBOLD et ZUCCARINI), Polygonatum radix
(Polygonatum odoratum Miller Druce), Ginseng radix
(Panax ginseng C.A. MEYER), and Scutellariae radix
(Scutellariae baicalensis GEORGI).

Materials and methods
Herb extraction

Galla rhois, Rehmannia radix, Machilus bark, Ginseng
radix, Polygonatum radix, and Scutellariae radix were
each extracted with 70% ethanol at 50°C for 12 h. The
extracts were filtered through a 0.4 pm filter, and concen-
trated by vacuum evaporation and lysophilization. The
powder was dissolved in sterile dimethyl sulfoxide
(DMSO; Sigma, St. Louis, MO) to 1 mg/ml, and then
further diluted with sterile phosphate buffered saline or
medium to the required concentration.

Glucose-stimulated insulin secretion in islets

Pancreatic islets from male rats were isolated by colla-
genase digestion as previously described [8, 15], and then
incubated for 24 h in high glucose Dulbecco’s modified
Eagles medium (DMEM) containing 10% (v/v) heat-
inactivated fetal bovine serum, 50 UM f-mercaptoethanol,
penicillin and streptomycin at 37°C in a humidified
atmosphere with 5% CO, to allow recovery from the
isolation process and to eliminate acinar cells. Twenty
islets were pre-incubated with low glucose DMEM con-
taining 5 mg/ml bovine serum albumin (BSA) for 16 h in
order to recover condition following the digestion process.
The islets were treated with the vehicle (DMSO) or
designated concentrations of each herb extract in low
(2 mM) or high glucose (20 mM) Krebs-Ringer buffer
containing 20 mM Hepes (pH 7.4) and 5 mg/ml BSA for
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30 min. Insulin concentrations for each medium were
measured from the low and high glucose media using a
radioimmunoassay kit (Linco Research, St. Charles, MO).
Exendin-4 (2.5 nM) was used as a positive control. Cell
viability was measured with a WST-1 colorimetric assay
kit (Roche, Basel, Switzerland) at 6, 12 and 36 h as each
herb extract was treated for 36 h. These experiments were
repeated four times.

Quantitative RT-PCR

Eighty recovered islets were treated with DMSO or each
herb extract for 8 h. Total RNA was isolated from control
(DMSO-treated) or extract-treated islets with Trizol (GIB-
CO BRL, Life Technologies, Grand Island, NY). cDNA
synthesis was performed with a RETROscript kit (Ambion,
Austin, TX) using oligo dT. Quantitative RT-PCR was then
carried out using a QuantiTect SYBR Green PCR kit
(Qiagen, Valencia, CA) on an iCycler PCR instrument (Bio-
Rad Laboratories, Hercules, CA). The PCR reactions were
performed following the kit manual. The following primers
were used for the mice insulin receptor substrate (IRS)-2,
PDX-1, glucokinase and cyclophilin genes:

IRS2 forward: 5'-CATCGACTTCCTGTCCCAT

CA-3/,

IRS2 reverse: 5'-CCCATCCTCAAGGTCAAA
GG-3/;

PDX-1 forward: 5'-AGGAAAACAAGAGGACCC
GTACT-3,

5-CGGGAGATGTATTTGTTAA
ATAAGAATTC-3';
5'-CCTGAGGCTGGAGACCCA
TGA-3',

5" TGGGGTGGAGCGCACGT
A-3/;
5'-CAGACGCCACTGTCGCTT
T-3/,
5-TGTCTTTGGAACTTTGTCT
GCAA-3'.

PDX-1 reverse:

Glucokinase forward:
Glucokinase reverse:
Cyclophilin forward:

Cyclophilin reverse:

The relative quantification analysis was performed by
calculating the ratio of the PCR product of the gene of
interest to that of internal control cyclophilin.

Statistical analysis

All results are expressed as mean &+ SD. Statistical anal-
ysis was performed using the SAS program. Two sample
t-test was carried out to determine the significant difference
between the control (DMSO) and each herb extract. Results
of P < 0.05 were considered statistically significant.
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Results and discussion
Glucose-stimulated insulin secretion in islets

Insulin secretion in islets isolated from rats increased by
4.0 & 0.5-fold in high glucose (20 mM) DMEM medium
compared to low glucose (2 mM) medium. Galla rhois,
Rehmanniae radix, Machilus bark, Polygonatum radix,
Ginseng radix and Scutellariae radix did not alter the
insulin secretion in low glucose medium (Fig. 1). How-
ever, in high glucose medium (20 mM), 50 pg/ml R. radix,
Ginseng radix and S. radix significantly enhanced glucose-
stimulated insulin secretion compared to the control, by 49,
67 and 58%, respectively (Fig. 1), although the increase
did not reach the same level as with 2.5 nM exendin-4
treatment.

Treatment with exendin-4, a GLP-1 agonist, enhances
glucose-stimulated insulin secretion in rodents and
humans. Human studies have shown that extended
administration of GLP-1 not only augments glucose-stim-
ulated insulin secretion, but also shifts the dynamics of the
insulin response to earlier release in both diabetic and non-
diabetic humans [2, 9].The mechanism was revealed as
acting directly through the cAMP/protein kinase A (PKA)
pathway to enhance and sensitize f-cells to glucose-stim-
ulated insulin secretion. Activated PKA may close Karp
channels, and activate Ca®* channels and exocytosis of
insulin containing granules [3]. GLP-1 also increases
insulin secretion in a calcium- and PKA-independent
manner by mobilizing secretory vesicles to enter the
readily releasable pool [6]. R. radix, Ginseng radix and
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Fig. 1 Glucose-stimulated insulin secretion in isolated rat islets.
After 16 h incubation in low glucose Dulbecco’s modified Eagles
medium (DMEM), isolated mice isles were treated with vehicle
[dimethylsulfoxide (DMSO], 50 pg/ml extracts of Galla rhois,
Rehmanniae radix, Machilus bark, Ginseng radix, Polygonatum
radix or Scutellariae radix, or 2.5 nM exendin-4 (positive control) in
low glucose (5 mM) or high glucose (20 mM) Krebs-Ringer buffer
for 30 min to measure glucose stimulated insulin secretion. These
assays were repeated four times, and the results were expressed as
mean + SD. Asterisks indicate significant differences from the
control (DMSO-treated) group in two-sample -test at P < 0.05

S. radix may enhance glucose-stimulated insulin secretion
through cAMP/PKA-dependent and/or -independent path-
ways. No studies have examined whether R. radix, Ginseng
radix, S. radix or their components modulate insulin
secretion through the cAMP/PKA pathway in islets.
However, accumulating evidence indicates that ginseno-
sides—major components of ginseng—modulate the
release of neurotransmitters in neuronal cells through the
cAMP/PKA pathway [19]. Ginsenoside Rbl promotes
neurotransmitter release by increasing the phosphorylation
of synapsins through PKA-pathway-activated neurotrans-
mission [19]. In addition, ginsenoside Rbl and the
lipophilic fraction of ginseng increase intracellular cAMP
in liver and platelets, respectively [13, 14]. Baicalein, a
major flavonoid derived from S. radix, was also found to
potentiate Ca®*-mediated C1~ secretion through a signaling
pathway involving cAMP and protein kinase A in the
apical membrane of intestinal epithelial cells [20]. Thus, R.
radix, Ginseng radix and S. radix may enhance glucose-
stimulated insulin secretion in f-cells through a cAMP-
mediated pathway.

mRNA levels of IRS2, PDX-1, and glucokinase islets

We indirectly determined the involvement of a cAMP-
mediated pathway in f-cells by measuring mRNA levels of
IRS2, which is known to be induced by cAMP — CREB
phosphorylation. Rat islets were incubated with each herb
extract for 8 h, and IRS2 mRNA levels were determined
(Fig. 2). Previous studies had revealed that induction of
IRS2 results in improved glucose sensing and f-cell pro-
liferation through enhancing insulin/IGF-1 signaling in
islets [8, 15]. Expression of PDX-1 and glucokinase was
associated with glucose sensing and f-cell proliferation,
respectively [7, 11, 12]. Thus, levels of PDX-1 and gluco-
kinase mRNA were also measured in islets treated with herb
extracts (Fig. 2). In parallel with enhanced glucose-stimu-
lated insulin secretion, R. radix, Ginseng radix and S. radix
induced increased levels of PDX-1 and glucokinase mRNA
in islets, indicating that the insulin/IGF-1 signaling cascade
was enhanced through increased IRS2 levels.

In islets, glucokinase acts as a glucose sensor to utilize
glucose to generate ATP and close the Krp channel,
resulting in efficient insulin secretion when serum glucose
is elevated [12]. In addition, elevated PDX-1 expression is
known to result in insulin/IGF-1 signaling and to potentiate
p-cell proliferation [15]. Thus, induction of IRS2, PDX-1,
and glucokinase expression promotes f-cell growth and
function to regulate glucose-stimulated insulin secretion.
Our previous study showed that exendin-4, a peptide
derived from lizard venom, enhanced glucose-stimulated
insulin secretion and f-cell proliferation through induction
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Fig. 2 Expression of insulin receptor substrate 2 (IRS2), pancreas
duodenum homeobox-1 (PDX-1), and glucokinase mRNAs in islets
isolated from rats. Isolated islets were administered with vehicle
(DMSO), 50 pg/ml extracts of Galla rhois, R. radix, M. bark,
Ginseng radix, P. or S. radix, or 2.5 nM exendin-4 in high glucose
DMEM medium for 8 h. Total RNA extracted from islets was reverse
transcribed to make cDNA, and mRNA levels of IRS2, PDX-1,
glucokinase and cyclophilin were measured by realtime PCR using
primer sets for the full length of IRS2, PDX-1, glucokinase and
cyclophilin genes. The results are presented as the ratio of mRNA
levels of the gene of interest (IRS2, PDX-1 and glucokinase) to those
of a housekeeping gene (cyclophilin). Asterisks indicate significant
differences from the control (DMSO-treated) group in two-sample #-
test at P < 0.05

of IRS2 [8, 15]. Through this enhancement, exendin-4
improves glucose homeostasis in animals and humans. To
investigate whether increased PDX-1 expression improves
p-cell proliferation, cell viability was measured in isolated
islets treated with herb extracts. Cell viability, as measured
by WST-1 assay, decreased with DMSO treatment over
time. R. radix, Ginseng radix and S. radix improved cell
viability at 6 h and after that, delayed the decrease in cell
viability (Fig. 3).

In conclusion, extracts of Rehmanniae radix, Ginseng
radix and Scutellariae radix enhanced glucose-stimulated
insulin secretion by improving glucose sensing through
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Fig. 3 Cell viability of islets isolated from rats. After isolated islets
were administered with vehicle (DMSO), 50 pg/ml extracts of Galla
Rhois, Rehmanniae radix, M. bark, Ginseng radix, Polygonatum radix
or Scutellariae radix, or 2.5 nM exendin-4 in high glucose DMEM
media, cell viability was measured with a WST-1 assay kit at 6, 12
and 36 h. These experiments were repeated four times, and the results
were expressed as mean + SD. Asterisks are significantly different
from the control (DMSO-treated) group in two-sample f-test at
P < 0.05
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increased glucokinase expression. In addition, they
increased IRS2 induction to elevate f-cell proliferation
through the induction of PDX-1 via potentiating insulin/
IGF-1 signaling. Thus, these extracts contain candidates for
an insulinotropic agent like exendin-4.
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