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Abstract

Aims The preservation of pancreatic B-cell function is a
key point in the treatment of type 2 diabetes mellitus. There
is substantial evidence demonstrating that heat-shock pro-
tein 90 (Hsp90) is needed for the stabilization and correct
folding of client proteins and plays important roles in
various biological processes. Here, we revealed the
important role of Hsp90 in B-cell function.

Methods Islets from male Sprague-Dawley rats were
isolated to be used for further RT-PCR, Western blot, and
insulin secretion test ex vivo in response to different
stimuli.

Results  Our results revealed that Hsp90 expression was
significantly decreased in isolated rat islets exposed to high
glucose, which was involved in glucokinase activation and
glucose metabolism, not calcium signaling. Two kinds of
Hsp90 inhibitors 17-DMAG and CCTO018159 markedly
enhanced glucose-stimulated insulin secretion from rat
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islets, along with increased expressions of genes closely
related to B-cell function.

Conclusions These data indicate that Hsp90 may be
involved in high glucose-induced islet function adaptation.

Keywords Insulin secretion - Hsp90 - Glucose - Type 2
diabetes mellitus

Introduction

Pancreatic B-cell dysfunction is the central problem in type
2 diabetes mellitus [1, 2]. The preservation of B-cell
function has become a major point of research in this field.
Glucose is a major physiological regulator of insulin
secretion, and the mechanism currently known about pan-
creatic B-cell function is mostly from the researches on
glucose-stimulated insulin secretion (GSIS) [3]. Acute
treatment with high glucose potently increases insulin
secretion, and an appropriate extension of time exposed to
high glucose also causes enhancement of B-cell secretion
capacity [4, 5]. Exploring the signaling pathway of B-cell
compensation will provide important insights to better
understand the molecular mechanisms underlying B-cell
dysfunction and develop novel approaches for prevention
and treatment of type 2 diabetes mellitus.

The heat-shock protein Hsp90 forms molecular chaper-
one complexes with its cofactors and facilitates the matu-
ration of its substrates, termed client proteins. Hsp90 has
several isoforms, including cytoplasmic Hsp90o. and
Hsp90B, as well as the endoplasmic reticulum and mito-
chondrial isoforms Grp94 and TRAP1 [6]. Initially recog-
nized as a stress-induced protein, Hsp90 has now been
identified as an important modulator in oncogenic signaling
with the emerging of Hsp90 targets which are critical for
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cancer cell growth and proliferation [7]. Several Hsp90
inhibitors have entered clinical trials as new anti-cancer
drugs, which are expected to be widely used in the future
[8]. In addition to its role in tumor regulation, Hsp90 plays
an important role in several metabolic pathways [9, 10].
Glucocorticoid receptor (GR), a ligand-activated tran-
scription factor, is a well-known obligate Hsp90 client and
mediates the stimulatory effects of glucocorticoid on hep-
atic gluconeogenesis, lipogenesis, adipogenesis, and lipol-
ysis in adipose tissue. Glucocorticoid treatment inhibits
insulin secretion and increases B-cell apoptosis [11]. Hsp90
exerts a critical role in the folding, ligand binding, and
nuclear translocation of GR and several other steroid
receptors [12]. It has been demonstrated that Hsp90 inhi-
bitors reverse hyperglycemia in the diabetic db/db mice
and improve insulin sensitivity in the diet-induced obese
mouse model of insulin resistance [13]. However, little is
known about the role of Hsp90 in islet function.

Our microarray data showed that high glucose signifi-
cantly decreased the mRNA expressions of Hsp90aal and
Hsp90ab1, which coded Hsp90a and Hsp90pB, respectively.
Given the important role of glucose in the regulation of B-
cell function, it is reasonable to assume that Hsp90 proteins
may play a role in glucose-induced B-cell function alter-
ation. In this study, we synchronously detected Hsp90aal
and Hsp90ab1 expressions in rat islets treated with various
concentrations of glucose and observed the effect of Hsp90
inhibitors on insulin secretion.

Materials and methods
Reagents

Bovine serum albumin (BSA) and collagenase type XI
were purchased from Sigma (St Louis, MO, USA). RPMI
1640 medium, fetal bovine serum (FBS), and other culture
reagents were obtained from Gibco Life Technologies
(Grand Island, NY). Rat insulin RIA kit was obtained from
Mercodia (St Charles, MO, USA). Rabbit anti-Hsp90o
antibody was purchased from Millipore Technologies
(Billerica, MA, USA). Rabbit anti-B-actin antibody was
purchased from Cell Signaling Technology (Beverly, MA,
USA). CCT018159 and 17-DMAG were obtained from
Calbiochem (San Diego, CA).

Islet isolation and treatment

Islet was isolated from male Sprague-Dawley rats by
in situ collagenase infusion and separated by density gra-
dient centrifugation as described previously [4]. Freshly
isolated rat islets were transferred to 24-well plates (10
islets per well) or 6-well plates (400 islets per well) and
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cultured in RPMI 1640 containing 100 pg/ml streptomycin
sulfate, 100 U/ml penicillin G sodium, and 0.25 % BSA at
37 °C and 5 % COs,.

Insulin secretion

Cultured islets were washed once in Krebs—Ringer bicar-
bonate (KRB) buffer [128.8 mmol/l NaCl, 4.8 mmol/l KCl,
1.2 mmol/l KH,PO4, 1.2 mmol/l MgSQ,4, 2.5 mmol/l
CaCl,, 5 mmol/l NaHCO3;, and 10 mmol/l Hepes, pH 7.4
with 0.25 % BSA] containing 3.3 mmol/l glucose and then
were preincubated in 1 ml of the same medium at 37 °C for
30 min. This buffer was then replaced with 1 ml of pre-
warmed KRB containing other additions as indicated for a
further 60 min at 37 °C. An aliquot was then removed for
analysis of insulin secretion. Islets were extracted with
0.18 N HCI in 75 % acid—ethanol solution for insulin
content and subsequent normalization.

Immunoblotting

Four hundred islets cultured in 6-well plates were washed
twice with ice-cold PBS and then placed immediately in
lysis buffer containing 25 mmol/l Hepes(pH 7.4), 1 %
Nonidet P-40, 100 mmol/l NaCl, 2 % glycerol, 5 mmol/l
NaF, 1 mmol/l EDTA, 1 mmol/l NazVO,, 1 mmol/l
NaPPi, 1 mmol/l phenylmethylsulfonyl fluoride (PMSF),
10 pg/ml aprotinin, 5 pg/ml leupeptin, and 5 pg/ml pep-
statin. Lysates were gently mixed for 10 min at 4 °C and
then centrifuged at 14,000g for 15 min at 4 °C. Measure-
ment of protein concentrations was performed according to
the method of Bradford, using BSA as the standard. Pro-
teins were separated by SDS-PAGE on 8 % polyacry-
lamide gels. After electrophoresis, the proteins were
transferred from the gel to PVDF-Plus membranes (Bio-
Rad). Blots were blocked with 5 % BSA. Primary anti-
bodies were detected with donkey anti-rabbit at 1:2000 for
1 h at room temperature. Blotted membrane was developed
with ECL Advance (Cell Signaling Technology, Boston,
MA) and imaged with a LAS-4000 Super CCD Remote
Control Science Imaging System (Fuji, JAP).

Quantitative real-time PCR

Total RNA was extracted from isolated islets using TRIzol
(Invitrogen) according to the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) was performed
using a SYBR Green Premix Ex Taq (Takara, Shiga,
Japan). Equal amounts of cDNA were analyzed in triplicate
for each run. Values were chosen in the linear range of
amplification, and the comparative Ct method was used to
assess differences in gene expressions between samples.
The results of relative expression were normalized to 18-s
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mRNA levels in each sample. All primers were synthesized
by Shanghai Biological Engineering Technology & Ser-
vices Co., Ltd. The sequences of primers used are shown in
Supplemental Table 1.

Immunofluorescence staining

The rat paraffin-embedded pancreatic sections were
blocked with PBS contained 5 % BSA for 1 h and then
incubated overnight at 4 °C with rabbit anti-Hsp90 (1:100)
and guinea pig anti-insulin (1:400) primary antibodies
followed by stained with rhodamine-coupled anti-rabbit
IgG and FITC-labeled anti-guinea pig IgG secondary
antibodies at room temperature for 2 h in a wet chamber
protected from light. Images were collected and analyzed
using a fluorescence microscope (Olympus BX51; Olym-
pus America, Inc., Melville, NY).

Statistical analysis

All results are expressed as mean + SEM. Differences
were analyzed using ANOVA for multiple groups followed
by Dunnett test or the Student’s test for two groups. Sta-
tistical significance was set at the level p < 0.05.

Results
High glucose inhibits Hsp90 expression in rat islets

Immunofluorescence data from rat pancreas section
showed that Hsp90a was highly expressed in the cytoplasm
of pancreatic B-cells (Fig. 1a). Our microarray results
revealed that the expressions of two Hsp90 family mem-
bers Hsp90aal and Hsp90abl were decreased by 53 and
68 % in rat islets treated with 16.7 mmol/l glucose for 24 h
compared to 3.3 mmol/l glucose, respectively. qRT-PCR
results validated the reduction of Hsp90aal and Hsp90abl
expressions in the same samples used in the microarray
analysis. Compared with 3.3 mmol/l glucose, treatment
with 16.7 mmol/l glucose decreased the mRNA expres-
sions of Hsp90aal and Hsp90abl by 80.21 and 59.25 %,
respectively (Fig. 1b, c). Immunoblotting data demon-
strated that the protein expression of Hsp90a was also
inhibited by 16.7 mmol/l glucose (Fig. 1d).

To measure the dose-dependent effect of glucose on
Hsp90 gene expression, we treated isolated rat islets with
3.3, 5.6, 8.3, 11.1, and 16.7 mmol/l glucose for 24 h. The
results showed that 5.6 mmol/l glucose already decreased
Hsp90aal and Hsp90abl mRNA levels, and more than

8.3 mmol/l glucose did not further decrease the expression
of the two genes (Fig. le, f).

Activation of glucokinase-suppressed Hsp90
expression

Calcium was shown to have important roles in both glu-
cose-stimulated insulin exocytosis and transcriptional reg-
ulation in B-cells [14]. To assess whether calcium was
involved in high glucose-regulated Hsp90 gene expression,
rat islets were treated with tolbutamide (a KATP channel
blocker) and BayK8664 (an L-type calcium channel ago-
nist) at 3.3 mmol/l glucose. Two drugs had no effect on
Hsp90aal and Hsp90abl mRNA expressions at basal glu-
cose concentration (Fig. 2a, b). Diazoxide (a KATP chan-
nel opener) and nifedipine (an L-type calcium channel
blocker) could not block high glucose-reduced Hsp90aal
and Hsp90abl mRNA expressions in rat islets (Fig. 2a, b).

We further observed whether glucose metabolism is
required to induce the downregulation of Hsp90 genes.
Two non-metabolizable glucose analogues 3-O-methyl-
glucose (3-OMG) and 2-deoxyglucose (2-DG) were unable
to decrease Hsp90aal and Hsp90abl expressions at the
concentration of 16.7 mmol/l (Fig. 2c, d). Several glu-
cokinase activators, including GKA 50, are developed for
the treatment of type 2 diabetes [15]. At the concentration
of 3.3 mmol/l glucose, Hsp90aal and Hsp90abl mRNA
expressions were significantly suppressed by 3 pmol/l
GKA 50 (Fig. 2e, f). These results suggest that glucose
metabolism is necessary for glucose-inhibited expression
of Hsp90aal and Hsp90abl.

Augmentation of insulin secretion by Hsp90
inhibitors

Two different kinds of Hsp90 inhibitors were used to
observe the effect of Hsp90 inhibition on insulin secretion
from rat islets. 17-DMAG is a potent anti-tumor analogue
of 17-AAG that binds to the ATPase site of human Hsp90o
with high affinity, excellent bioavailability, and aqueous
solubility. CCTO18159, a pyrazole-resorcinol derivative,
was identified through high-throughput drug screening
using an ATPase assay, which can deplete Hsp90 client
proteins [8, 16]. We incubated rat islets with 1 pmol/l
17-DMAG or 20 pmol/l CCT018159 at 5.6 mmol/l glucose
for 24 h. The insulin secretion was increased by 2.22-fold
in 17-DMAG treatment group and 1.84-fold in CCT018159
treatment group (Fig. 3a). When rat islets were challenged
with 16.7 mmol/l glucose for 1 h in the presence or
absence of the two inhibitors, GSIS was enhanced 2.02-
fold by 17-DMAG and 92 % by CCT018159 (Fig. 3b).
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Fig. 1 Hsp90aal and Hsp90abl expressions in isolated rat islets detected by Western blot (d). e, f Isolated rat islets were pretreated
exposed to high glucose. a Immunofluorescence illustrated that with 3.3, 5.6, 8.3, 11.1, and 16.7 mM glucose for 24 h, and the
Hsp90o. was highly expressed in islet B-cells (scale bar 20 pm). mRNA expressions of Hsp90aal and Hsp90abl were measured by
Isolated rat islets were pretreated with 3.3 or 16.7 mM glucose for gRT-PCR. Data were given as mean = SEM for three separate
24 h, and the mRNA expressions of Hsp90aal (b) and Hsp90abl experiments. *p < 0.05; **p < 0.01 versus 3.3 mM glucose

(c) were detected by qRT-PCR. The protein level of Hsp90a was
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Fig. 2 High glucose-suppressed Hsp90 expression is related to
glucose metabolism. a, b Rat islets were incubated with 4 uM
BayK8664 and 100 uM tolbutamide (Tol) in the presence of 3.3 mM
glucose (Glu) or 250 pM diazoxide (Dia) and 10 pM nifedipine (Nif)
in the presence of 16.7 mM glucose. Hsp90aal and Hsp90abl mRNA
expressions were detected by qRT-PCR. ¢, d Hsp90aal and Hsp90ab1

Effect of Hsp90 inhibitors on the expression of genes
involved in islet function

To further explore the mechanism underlying Hsp90 inhibi-
tors-enhanced insulin secretion, we treated rat islets with
17-DMAG and CCT018159 for 24 h at the concentration of
5.6 mmol/l glucose and analyzed the expressions of genes
important for B-cell function. Treatment with 17-DMAG or
CCTO18159 resulted in significant increases in insulin
receptor substrate 2 (IRS2), proprotein convertases
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mRNA expressions in isolated rat islets incubated with glucose (Glu),
2-deoxyglucose (2-DG), and 3-O-methylglucose (3-OMG) for 24 h. e,
f Hsp90aal and Hsp90abl mRNA expressions are decreased by 3 uM
GKAS0 at 3.3 mM glucose in rat islets. Results were expressed as
mean = SEM for three separate experiments. **P < 0.01 versus
3.3 mM glucose

1(PCSK1), and PCSK2 mRNA levels, with increased
expressions of transcription factor MafA. The transcript levels
of glucose sensor glucose transporter 2 (GLUT2) and insulin
exocytosis-related gene SNAP25 were also elevated in islets
treated with CCTO018159. However, no changes were
observed in insulin 1(INS1), INS2, and pancreatic and duo-
denal homeobox 1 (PDX1) expressions (Fig. 4). These results
suggest that Hsp90 inhibitors enhance B-cell secreting func-
tion via increasing expressions of multiple genes involved in
glucose sensing, proinsulin processing, and exocytosis.
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Discussion

Glucose is the most essential factor in regulating B-cell
function. The effect of glucose on B-cell function depends
on its concentration and exposure time. High glucose was
validated to promote insulin secretion through extremely
complex metabolic pathways [3]. However, continuous
overstimulation of the B-cell by high glucose could lead to
depletion of insulin stores, apoptosis, and finally deterio-
ration of B-cell function [17]. As a molecule chaperone,
Hsp90 is involved in the regulation of a variety of meta-
bolic pathways [9, 10]. In this study, high glucose signifi-
cantly decreased Hsp90aal and Hsp90abl expressions in
rat islets. Two Hsp90 inhibitors potentiated GSIS from rat
islets, showing an effect similar to the prolonged treatment
with high glucose. This suggests that Hsp90 may be
involved in high glucose-induced islet
compensation.

Glucose metabolism is essential for the stimulation of
insulin secretion and regulation of gene transcription in B-
cells [18, 19]. Our data demonstrated that high glucose
downregulated Hsp90aal and Hsp90abl expressions. Two
non-metabolizable glucose analogues 3-OMG and 2-DG
had no impact on the expression of Hsp90, while glucok-
inase agonist GKAS0 attenuated Hsp90aal and Hsp90abl
mRNA levels. These data suggest that glucose metabolism
is involved in the downregulation of Hsp90 genes medi-
ated by high glucose. No obvious changes in Hsp90
expression were observed in islets treated with BayK8664,
nifedipine, diazoxide, or tolbutamide, which clamped
cytosolic calcium at high or low level via manipulating the
open or close of L-type calcium and KATP channels [20,
21]. This indicates that calcium signaling has little effect
on high glucose-reduced Hsp90aal and Hsp90abl
expressions.

Given the broad spectrum of client proteins, it is not
surprising that Hsp90 is essential for various cellular pro-
cesses [22, 23]. Acetylation of Hsp90 promotes the disso-
ciation of p23 from the GR-Hsp90 heterocomplex, and the
receptor becomes unable to bind steroid or translocate into
the nucleus [24]. Histone deacetylase 6 (HDAC6)-medi-
ated Hsp90 deacetylation allows the chaperone complex to
interact with nascent GR, which is required for the proper
folding and maturation of GR. Upon hormone binding, the
GR dissociates from the chaperone complex and translo-
cates into the nucleus, where it activates the transcription
of genes involved in hepatic gluconeogenesis [25]. This
suggests that Hsp90 plays an important role in the regu-
lation of metabolic pathways in hepatocytes. In the present

functional
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study, we provided evidence that high glucose decreased
Hsp90 gene expression in rat islets, indicating that Hsp90
may be involved in glucose-potentiated islet function. In
support of this assumption, two Hsp90 inhibitors amplified
GSIS from rat islets. It is possible that high expression of
Hsp90 at lower blood glucose level inhibits insulin secre-
tion to protect against hypoglycemia.

The whole event of GSIS in [B-cell is related to a
complicated molecular network, including the regulation
of insulin synthesis and exocytosis. Many effectors have
been found to be involved in GSIS, such as IRS2, MafA,
PCSKI1, and PCSK2 [26-28]. In this current study, we
found that Hsp90 inhibitors exerted a stimulatory effect
on the expressions of these genes. CCT018159 treatment
resulted in significant increases in IRS2, PCSK1, PCSK2,
MafA, GLUT2, and SNAP25 mRNA levels, which may
be related to the potentiated insulin secretion. A large
number of the Hsp90-modulated client proteins belong to
the protein kinase family, representing one of the largest
groups of known Hsp90 partners. Accordingly, the inhi-
bition of the Hsp90 is pursued as a novel therapeutic
strategy for treating several types of cancer. Hsp90 inhi-
bitors are currently being evaluated in clinical trials.
Before they are administered to perform anti-tumor on
diabetic patients, any possible effects on islet function
should be identified.

In conclusion, high glucose can decrease Hsp90aal and
Hsp90ab1 expressions in rat islets, which is associated with
glucose metabolism. Moreover, the inhibition of Hsp90
markedly enhances GSIS, along with increased expressions
of several genes related to glucose sensing, insulin pro-
cessing, and exocytosis. The results add support to the
potentially protective role of Hsp90 inhibitors on islet
function and may open a new perspective in application of
Hsp90 inhibitors into the clinical therapy for type 2 dia-
betes mellitus.
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