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Glucagon-Like Peptide 1 Stimulates Insulin Secretion
via Inhibiting RhoA/ROCK Signaling and
Disassembling Glucotoxicity-Induced Stress Fibers

Xiangchen Kong,* Dan Yan,* Jiangming Sun, Xuerui Wu, Hindrik Mulder,
Xianxin Hua, and Xiaosong Ma

Shenzhen University Diabetes Center (X.K., D.Y., X.W., X.H., X.M.) and Shenzhen University, Shenzhen
518060, People’s Republic of China; Lund University Diabetes Centre (J.S., H.M.), Unit of Molecular
Metabolism, SE-205 02 Malmö, Sweden; and University of Pennsylvania Perelman School of Medicine
(X.H.), Philadelphia, Pennsylvania 19104

Chronic hyperglycemia leads to pancreatic �-cell dysfunction characterized by diminished glucose-
stimulated insulin secretion (GSIS), but the precise cellular processes involved are largely unknown.
Here we show that pancreatic �-cells chronically exposed to a high glucose level displayed sub-
stantially increased amounts of stress fibers compared with �-cells cultured at a low glucose level.
�-Cells at high glucose were refractory to glucose-induced actin cytoskeleton remodeling and
insulin secretion. Importantly, F-actin depolymerization by either cytochalasin B or latrunculin B
restored glucotoxicity-diminished GSIS. The effects of glucotoxicity on increasing stress fibers and
reducing GSIS were reversed by Y-27632, a Rho-associated kinase (ROCK)-specific inhibitor, which
caused actin depolymerization and enhanced GSIS. Notably, glucagon-like peptide-1-(7–36) amide
(GLP-1), a peptide hormone that stimulates GSIS at both normal and hyperglycemic conditions, also
reversed glucotoxicity-induced increase of stress fibers and reduction of GSIS. In addition, GLP-1
inhibited glucotoxicity-induced activation of RhoA/ROCK and thereby resulted in actin depoly-
merization and potentiation of GSIS. Furthermore, this effect of GLP-1 was mimicked by cAMP-
increasing agents forskolin and 3-isobutyl-1-methylxanthine as well as the protein kinase A agonist
6-Bnz-cAMP-AM whereas it was abolished by the protein kinase A inhibitor Rp-Adenosine 3�,5�-
cyclic monophosphorothioate triethylammonium salt. To establish a clinical relevance of our find-
ings, we examined the association of genetic variants of RhoA/ROCK with metabolic traits in
homeostasis model assessment index of insulin resistance. Several single-nucleotide polymor-
phisms in and around RHOA were associated with elevated fasting insulin and homeostasis model
assessment index of insulin resistance, suggesting a possible role in metabolic dysregulation. Col-
lectively these findings unravel a novel mechanism whereby GLP-1 potentiates glucotoxicity-di-
minished GSIS by depolymerizing F-actin cytoskeleton via protein kinase A-mediated inhibition of
the RhoA-ROCK signaling pathway. (Endocrinology 155: 4676–4685, 2014)

Chronic exposure to high glucose, termed glucotoxicity
(1), reduces glucose-stimulated insulin secretion (GSIS)

in INS-1 cells (2) and islets (3). The impaired secretory ca-
pacity of �-cells in glucotoxicity has been suggested to in-
volve in disruptions of the exocytotic machinery (4).

In response to glucose stimulation, insulin-containing
granules undergo tightly regulated exocytosis (5). It is
known that filamentous actin (F-actin) functions as a neg-

ative regulator of exocytosis in pancreatic �-cells (6). In-
deed, F-actin is organized as a dense web beneath the
plasma membrane and limits the access of insulin-con-
taining granules to the plasma membrane (7, 8). Thus,
disruption of the F-actin by latrunculin B (9), or cytocha-
lasins (10) enhances GSIS. In contrast, stabilization of the
F-actin with jasplakinolide inhibited KCl-stimulated in-
sulin secretion (11, 12). Contrary to the well-known actin
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cytoskeleton and its role in regulation of insulin secretion
in normal �-cells, the importance of the actin cytoskeleton
in �-cells in glucotoxicity, particularly its contribution to
glucotoxicity-impaired GSIS, remains poorly understood.

The incretin hormone glucagon-like peptide-1-(7–36)
amide (GLP-1) stimulates GSIS by elevating intracellular
cAMP and subsequent activating protein kinase A (PKA)
and an exchange protein directly activated by cAMP (ex-
change proteins activated by cAMP 2) (13) at physiolog-
ical circumstances. We have found that GLP-1 potentiates
GSIS in a PKA-dependent manner at glucotoxicity (14).
However, the precise mechanism by which this is achieved
remains unknown. In the present study, we demonstrate
that chronic exposure of �-cells to high glucose increased
stress fibers that were resistant to glucose-induced actin
remodeling, which is particularly significant for impaired
GSIS at glucotoxicity. GLP-1 rescued the glucotoxicity-
induced alterations of the actin cytoskeleton and pertur-
bations of GSIS via a PKA-dependent inhibition of the
RhoA-Rho-associated kinase (ROCK) signaling pathway.

Materials and Methods

Animals, isolation of islets, and preparation and
culture of �-cells

Female C57BL/6 mice (4–6 wk) were purchased from the
Experimental Animal Centre of Guangdong Academy of Medical
Science (Guangzhou, China). Mouse islets were isolated and cul-
tured as described (14). The animal procedures were performed
according to the Principles of Laboratory Animal Care and ap-
proved by the Shenzhen University Animal Care Committee.

Rat INS-1E cells were kindly provided by Professor Yong Liu
from the Shanghai Institute for Nutritional Sciences of Chinese
Academy of Sciences (Shanghai, China). The response of this cell
line (14, 15) to glucose and incretin stimulations has been found
to be similar to that of the glucose- and incretin-sensitive 832/3
�-cell line (16). INS-1E cells between passages 55 and 80 were
cultured as previously reported (14).

For immunocytochemistry, the isletsweredissociated intosingle
cells using a Ca2�-free solution. The resulting cell suspension was
maintained in culture in DMEM containing 10% fetal bovine se-
rum, 100 �M penicillin G, and 100 mg/ml streptomycin.

Immunocytochemistry and confocal microscopy
Primary �-cells and INS-1E cells plated onto glass coverslips

were cultured in 5.5 mM glucose or 30 mM glucose medium for
72 hours. Cells were preincubated in Krebs-Ringer bicarbonate
(KRB) buffer containing 10 �M cytochalasin B (Sigma) or 10 �M
latrunculin B (Calbiochem) or 10 �M Y27632 (Selleck Chemi-
cals) or 100 �M Rp-adenosine 3�,5�-cyclic monophosphorothio-
ate triethylammonium salt or dimethylsulfoxide (DMSO) for 1
hour at 37°C, followed by stimulated with 2.8 mM glucose, 16.8
mM glucose alone or in the presence of 10 nM GLP-1 (Abcam),
10 �M forskolin, 1 mM 3-isobutyl-1-methylxanthine (IBMX;
Sigma), 10 �M 6-Bnz-cAMP-AM (Biolog Life Science), and 100

�M Rp-cAMPS (Sigma) for the time as indicated, respectively.
For actin labeling, cells were fixed with 3% paraformaldehyde
and permeabilized in 0.1% Triton X-100. After blocking non-
specific sites, primary �-cells were incubated overnight at 4°C
with a rabbit antiinsulin antibody (Cell Signaling; 1:75) and Al-
exa-Fluor546-labeled goat antirabbit (Invitrogen; 1:75) and
treated with Alexa Fluor 488-phalloidin (Invitrogen) (17).
INS-1E cells were directly incubated with Alexa Fluor 488-phal-
loidin after blocking. Images were obtained with a Zeiss 510
LSM confocal laser-scanning microscope.

Measurements of insulin secretion and content
Insulin release from mouse islets and INS-1E cells was assayed

as published (14). Cells were preincubated in KRB buffer con-
taining 10 �M cytochalasin B or 10 �M Y27632 or 1 �M jas-
plakinolide or 100 �M Rp-cAMPS or DMSO for 1 hour at 37°C.
Then the cells were stimulated with 2.8 mM glucose, 16.8 mM
glucose alone or in the presence of 10 nM GLP-1, 10 �M fors-
kolin and 1 mM IBMX, 10 �M 6-Bnz-cAMP-AM, or 100 �M
Rp-cAMPS or 1 �M jasplakinolide for the time as indicated,
respectively. For insulin content assay, after incubation with 10
�M cytochalasin B for 1 hour, the whole-cell protein of islets and
INS-1E cells was extracted. The insulin content was determined
using an insulin ultrasensitive ELISA kit (ALPCO Diagnostics).
Insulin levels (nanograms per milliliter) were normalized against
total cellular protein content in milligrams.

Western blotting
After 72 hours’ exposure to 5.5 mM glucose or 30 mM glu-

cose medium, INS-1 cells were stimulated with 16.8 mM glucose
alone or in the presence of 10 nM GLP-1 and 10 �M 6-Bnz-
cAMP-AM for the time as indicated, respectively. Proteins re-
solved by SDS-PAGE were immunoblotted as previously de-
scribed (14). The primary antibodies purchased from Santa Cruz
Biotechnology were as follows: polyclonal rabbit antiactin, poly-
clonal rabbit anti-�-tubulin, and monoclonal mouse anti-RhoA.
The primary antibodies purchased from Cell Signaling were as
follows: monoclonal rabbit antiglyceraldehyde-3-phosphate de-
hydrogenase, polyclonal rabbit anti-p-myosin-binding subunit
(MBS), polyclonal rabbit anti-MBS, polyclonal rabbit anti-p-
myosin light chain (MLC), and polyclonal rabbit anti-MLC. The
secondary antibodies were horseradish-peroxidase-conjugated
goat antimouse (Abcam) and goat antirabbit (Sigma-Aldrich).

F-actin/G-actin assay
INS-1E cells were cultured in the medium containing 5.5 mM or

30 mM glucose for 72 hours, followed by exposure to KRB buffer
containing 10 �M cytochalasin B or 10 �M latrunculin B or 10 �M
Y27632 or 100 �M Rp-cAMPS or DMSO for 1 hour at 37°C. The
cellswere stimulatedwith16.8mMglucosealoneor in thepresence
of10nMGLP-1,10�Mforskolinand1mMIBMX,10�M6-Bnz-
cAMP-AM, and 100 �M Rp-cAMPS for the time as indicated. The
cells were harvested and the level of F- and G-actin in cell extracts
was assessed with G-actin/F-actin in vivo assay kit (Cytoskeleton)
according to the manufacturer’s instructions.

Measurement of the activity of RhoA
After 72 hours of culture in the medium containing 5.5 mM

or 30 mM glucose, INS-1E cells were preincubated with KRB
buffer for 1 hour and then were exposed to KRB buffer contain-
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ing 16.8 mM glucose for 10 minutes and harvested. Quantifi-
cation of active (GTP bound) RhoA in cell extracts was assessed
using a G-LISA RhoA activation assay biochemistry kit (Cyto-
skeleton) according to the manufacturer’s instructions.

Statistics
Data are presented as mean � SEM

for the indicated number of experiments.
Statistical significance was evaluated us-
ing the independent t test. Data were con-
sidered significant at a value of P � .05.

Results

Glucotoxicity increases stress
fibers and abolishes GSIS

We and others have used primary
�-cells and INS-1E cells as the model
for studying glucotoxicity by cultur-
ing the cells in 30 mM glucose (G30)
for 72 hours (4, 14). In basal (2.8
mM glucose) conditions, phalloidin
staining for F-actin showed that both
primary �-cells (Figure 1A) and INS-
1E cells (Figure 1B) at G30 were rich
in long stress fibers, as compared
with cells in 5.5 mM glucose (G5.5).
The glucotoxicity-induced increase
in stress fibers was supported by the
analysis of the F-actin to G-actin ra-
tio that was 30%:70% at G30, as
compared with 7%:93% at G5.5
(Figure 1C); the latter is comparable
with the previous observation (10%:
90%) in MIN6 cells (18). Note that
the actin contents at G30 were com-
parable with that at G5.5 (Figure
1D). Thus, chronic exposure to high
glucose results in increased forma-
tion of stress fibers, rather than a
general increase of cellular actin con-
tent. Notably, stimulation with 16.8
mM glucose for 10 minutes had little
effect on the actin cytoskeleton at
G30, whereas at G5.5 glucose stim-
ulation induced F-actin depolymer-
ization (Figure 1B). Indeed, the ma-
jority (108 of 143) of cells at G30
were resistant to glucose-induced ac-
tin remodeling, in contrast to ap-
proximately 87% (109 of 125) of
cells at G5.5 displaying glucose-
stimulated actin depolymerization.

We next proceeded to determine
the effects of glucotoxicity on GSIS. As shown in Figure
1E, administration of 16.8 mM glucose produced an ap-
proximately 3-fold increase of insulin secretion at G5.5,

Figure 1. Chronic culture at high glucose increases stress fiber and diminishes GSIS. A, Primary
�-cells at G5.5 or G30 for 72 hours. Confocal microscopy images showing actin cytoskeleton
(green, top panels) and insulin (red, middle panels) and merged of the two (bottom panels). Scale
bars represent 5 �m. B, Similar to panel A but the images showing actin cytoskeleton of INS-1E
cells after stimulation with 2.8 mM glucose (top panels) or 16.8 mM glucose (bottom panels),
respectively. C, A representative immunoblot for F-actin to G-actin ratio are shown on the top.
Supernatant (S) and pellet (P) fractions contain G-actin and F-actin, respectively. The relative
intensities of the F-actin and G-actin were quantified and expressed as a ratio. Data are means �
SEM of three experiments each. **, P � .01. D, A representative immunoblot is shown on the
top. �-Tubulin was used as the control. Values are expressed as percentage of protein
abundance at G5.5. Data are means � SEM of five experiments each. E and F, Insulin secretion
was stimulated in INS-1 cells (E) or mouse islets (F) with 2.8 and 16.8 mM glucose for 10 minutes
(E) or 1 hour (F). Values were normalized for total protein (E) or represented the amount of
secretion per islet (F). Data are means � SEM. *, P � .05; **, P � .01 vs 2.8 mM glucose;
##, P � .01 vs 16.8 mM glucose at G5.5.

4678 Kong et al GLP-1 Depolymerizes F-Actin Cytoskeleton Endocrinology, December 2014, 155(12):4676–4685

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 24 July 2015. at 04:19 For personal use only. No other uses without permission. . All rights reserved.



whereas glucose stimulation caused
little increase of insulin secretion at
G30, as reported previously (4, 14).
We also sought to determine whether
these findings could be replicated in
mouse islets. Treatment with 16.8
mM glucose resulted in an approxi-
mately 3.3-fold increase of insulin
secretion at G5.5, whereas GSIS was
abolished at G30 (Figure 1F). How-
ever, basal insulin secretion at G30
was comparable with that at G5.5
(Figure 1, E and F), as reported pre-
viously (14).

Actin depolymerization by
cytochalasin B or latrunculin B
restores GSIS at glucotoxicity

To explore whether glucotoxicity-
diminished GSIS observed in Figure 1,
E and F, could be attributed to the im-
pact of increased stress fibers, we pre-
incubatedINS-1EcellsatG30without
or with cytochalasin B (10 �M), an
F-actin-disrupting agent (Figure 2A),
or a more selective G-actin-binding
and sequestering agent, latrunculin B
(10 �M)(Figure2B), for1hourbefore
10 minutes of stimulation with 2.8 or
16.8 mM glucose. Pretreatment with
these actin depolymerising agents dis-
rupted the actin cytoskeleton (Figure
2, A and B), converting the F-actin to
G-actin ratio from52%:48%to20%:
80% for cytochalasin B (Figure 2C) or
to 17%:83% for latrunculin B (Figure
2D). Actin depolymerization resulted
in an increase of approximately 1.9-
fold (P � .01) or approximately 1.6-
fold (P � .01) of GSIS, respectively, in
cytochalasinB-pretreatedINS-1Ecells
(Figure 2E) or islets (Figure 2G) at
G30. Similar insulinotropic effect was
observed by pretreatment with latrun-
culin B (Supplemental Figures 1B and
2A). Notably, the increase in GSIS by
theseactin-depolymerizingagentswas
notaccompaniedbychanges in insulin
content (Figure 2, F and H; Supple-
mental Figures 1C and 2B), as com-
pared with control DMSO-treated
cells.

Figure 2. Effects of actin depolymerizing agents on GSIS. A and B, Phalloidin-staining actin
cytoskeleton upon stimulation with 2.8 mM glucose or 16.8 mM glucose in the absence or
presence of cytochalasin B (A) and latrunculin B (B), respectively. Scale bars represent 5 �m. C
and D, Same as Figure 1 (C) but F-actin to G-actin ratio was determined by pretreatment with
DMSO or cytochalasin B (C) or latrunculin B (D) for 1 hour. Data are means � SEM of three (C) or
four (D) experiments each. **, P � .01. E and G, Insulin secretion was assayed in INS-1E cells (E)
or mouse islets (G) by pretreatment with DMSO or cytochalasin B for 1 hour followed by
stimulation with 2.8 mM or 16.8 mM glucose. Data are means � SEM of five (E) or three (G)
experiments each. **, P � .01 vs 2.8 mM glucose. F and H, Insulin content of INS-1 cells (F) or
mouse islets (H) was assayed with or without cytochalasin B. Data are means � SEM of five (F) or
three (H) experiments each.
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Glucotoxicity increased RhoA and ROCK activities
It is known that RhoA, a member of the Ras superfam-

ily of small GTPases, and its effector ROCK are the key
regulators of stress fiber formation (19). Therefore, we
explored whether chronic high glucose promoted stress
fiber formation by stimulating RhoA and ROCK activi-
ties. We first examined the effects of high glucose on the
activities of RhoA by incubating INS-1E cells at either
G5.5 or G30 for 72 hours. As shown in Figure 3A and
Supplemental Figure 3, cells at G30 displayed a signifi-
cantly higher RhoA activity as compared with cells at
G5.5, whereas RhoA expression at G30 was similar to that
at G5.5 (Figure 3B). As the key downstream effector of
RhoA, ROCK is activated by RhoA binding and causes
stress fiber formation (20) and thereby inhibits insulin
secretion (21). We next examined ROCK activity by mea-
suring phosphorylated protein levels of its substrates,
MLC and the regulatory subunit of myosin light chain

phosphatase, MBS (22). As shown in Figure 3, C and D,
cells at G30 displayed significantly higher phosphorylated
p-MLC/MLC and p-MBS/MBS compared with cells at
G5.5, respectively. Although chronic exposure to high glu-
cose increased the pMLC, the total MLC remained largely
unchanged at the protein level (Supplemental Figure 4).

We next explored whether glucotoxicity-induced
RhoA/ROCK activation plays a role in stress fiber forma-
tion and inhibition of GSIS at glucotoxicity. Cells cultured
at G30 for 72 hours were stimulated with 2.8 mM or 16.8
mM glucose for 10 minutes in the absence or presence of
10 �M Y27632, a ROCK-specific inhibitor. As shown in
Figure4A, treatmentwithY27632resulted inamarkedactin
depolymerization (Figure 4A), accompanied by the reduc-
tion of the F-actin to G-actin ratio (Figure 4B) and an ap-
proximately 1.6-fold increase (P � .01) of GSIS (Figure 4C).

GLP-1 is capable of depolymerizing stress fiber-rich
actin cytoskeleton

To test whether GLP-1 could affect glucotoxicity-in-
creased stress fibers, we incubated primary �-cells (Figure
5A) and INS-1E cells (Figure 5B) at G30 for 72 hours and
treated with 2.8 mM glucose or 16.8 mM glucose in the
absence or presence of 10 nM GLP-1 for 10 minutes. As
shown in Figure 5, A and B, primary �-cells (Figure 5A)
and INS-1E cells (Figure 5B) retained a stress fiber-rich
actin cytoskeleton upon glucose stimulation, whereas
treatment with GLP-1 resulted in actin depolymeriza-

Figure 3. Effects of glucotoxicity on RhoA and ROCK activity. A, INS-
1E cells cultured at G5.5 and G30 for 72 hours. RhoA activity was
measured with a RhoA assay kit and expressed as a percentage of
G5.5. Data are expressed as means � SEM of four experiments.
**, P � .01. B, A representative immunoblot for RhoA protein
expression is shown on the top. �-Actin was used as the control.
Intensities were quantified and normalized against the level of �-actin
and expressed as the percentage of protein abundance at G5.5. Data
are means � SEM of three experiments. C and D, A representative
immunoblot is shown on the top. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (C) or �-actin (D) was used as the control.
The relative intensities of p-MLC and total MLC protein (C) or p-MBS
and total MBS protein (D) were quantified and expressed as a ratio.
Ratios were normalized to cells at G5.5. Data are means � SEM of
three (C) or four (D) experiments. *, P � .05.

Figure 4. Impact of the inhibition of ROCK on F-actin cytoskeleton
and GSIS. A, Phalloidin-staining actin cytoskeleton of INS-1E cells at
G30 after stimulation with 2.8 mM glucose or 16.8 mM glucose in the
absence or presence of Y-27632. Scale bars represent 5 �m. B, Same
as Figure 1 (C) but F-actin to G-actin ratio was determined by
pretreatment with DMSO or Y-27632 for 1 hour. Data are means �
SEM of four experiments each. *, P � .05. C, Insulin secretion was
assayed by pretreatment with DMSO or 10 �M Y-27632 for 1 hour
followed by stimulation with 2.8 mM or 16.8 mM glucose. Data are
means � SEM of three experiments each. **, P � .01 vs 16.8 mM
glucose in DMSO.
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tion, converting the F-actin to G-actin ratio from 52%:
48% to 13%:87% (Figure 5C). The cellular morphol-
ogy of GLP-1-treated cells was comparable with that of
the ROCK inhibitor-treated cells (Figure 4A). In addi-
tion, GLP-1 had no effect on actin content (Figure 5D).

The effect of GLP-1wasmimickedby
the cAMP-increasing agents forsko-
lin and IBMX (Figure 5, F and G).
Moreover, actin depolymerization
by GLP-1 or forskolin and IBMX
was accompanied by potentiated
GSIS (Figure 5, E and H).

GLP-1 inhibits ROCK activity
and restores GSIS via a
PKA-dependent manner

Figure 5 (A, B, and E) shows the
effect of GLP-1 on actin depolymer-
ization, and GSIS was the same as
that observed with the ROCK inhib-
itor in Figure 4, A and C, suggesting
that GLP-1 could exert its effects via
suppressing ROCK activity. To test
this possibility, INS-1E cells cultured
at G30 for 72 hours were treated
with or without 10 nM GLP-1 for 15
minutes, and the ROCK activity was
determined by measuring p-MBS
and total MBS or p-MLC and total
MLC. As shown in Figure 6, A and B,
treatment of cells with GLP-1 signif-
icantly reduced the levels of phos-
phorylated-MBS and phosphorylat-
ed-MLC, whereas GLP-1 had little
effect on the expression of the total
MLC (Supplemental Figure 5).

Because GLP-1 restores glucotox-
icity-blunted GSIS mainly via activa-
tion of PKA (14), we therefore ex-
plored the PKA-dependent effects of
GLP-1 on the actin cytoskeleton and
its importance for GSIS in glucotox-
icity. INS-1E cells cultured at G30
for 72 hours were stimulated with
16.8 mM glucose alone or 10 �M
6-Bnz-cAMP-AM (a PKA agonist) or
10 nM GLP-1 or a combination of 10
nM GLP-1 and 100 �M Rp-cAMPS
(a PKA inhibitor) for 10 minutes. As
shown in Figure 7A, the actin cyto-
skeletonremainedunchangedafterglu-
cose stimulation, whereas treatment
with GLP-1 or 6-Bnz-cAMP-AM re-

sulted in substantial actin depolymerization, converting
the F-actin to G-actin ratio from 55%:45% to 13%:87%
or to 24%:76%, respectively (Figure 7B), Notably, GLP-1
and 6-Bnz-cAMP-AM had no effects on cellular actin con-

Figure 5. Effects of GLP-1 on F-actin remodeling and GSIS. A, Primary �-cells cultured at G30
for 72 hours. Confocal microscopy images showing actin cytoskeleton (green, top panels) and
insulin (red, middle panels) and merged of the two (bottom panels) after stimulation with 2.8
mM glucose or 16.8 mM glucose without or with GLP-1, respectively. Scale bars represent 5 �m.
B and F, Same as (panel A but actin cytoskeleton of INS-1E in the absence or presence of GLP-1
(B) or forskolin and IBMX (F). Scale bars represent 5 �m. C and G, Same as Figure 1 (C) but F-
actin to G-actin ratio was determined without or with treatment of GLP-1 (C) or forskolin and
IBMX (G) for 10 minutes. Data are means � SEM of four (C) or three (G) experiments each.
*, P � .05; **, P � .01. D, Same as Figure 1 (D), but the actin protein level was determined
without or with treatment with GLP-1 for 10 minutes. Data are means � SEM of three
experiments each. E and H, Insulin secretion was stimulated with 16.8 mM glucose in the
absence or presence of GLP-1 (E) or forskolin and IBMX (H) for 10 minutes. Data are means �
SEM of three (E) or six (H) experiments. **, P � .01.
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tent (Figures 5D and 7C). Actin depolymerization by
GLP-1 or 6-Bnz-cAMP-AM resulted in an approximately
2.5-fold or an approximately 2.3-fold increase of GSIS
(Figure 7, D and E). The link of GLP-1-induced the depo-
lymerization of stress fibers and potentiation of GSIS was
reinforced by the experiments performed in cells at G30
that were treated with 10 nM GLP-1 or 10 �M 6-Bnz-
cAMP for 10 minutes, in the absence or presence of jas-
plakinolide, an F-actin polymerizing and stabilizing agent
(11, 12, 23). As shown in Figure 7, D and E, the stimula-
tory effect of either GLP-1 or 6-Bnz-cAMP-AM on GSIS
was largely blocked by jasplakinolide, confirming that
GLP-1 potentiated GSIS, at least partly, via disassembling
F-actin. Moreover, the effect of GLP-1 on actin cytoskel-
eton (Figure 7, A and B) and GSIS (Figure 7D) was sensi-
tive to the PKA inhibitor Rp-cAMPS.

The PKA-mediated effect of GLP-1 was further evidenced
by the observation that GLP-1 was unable to provide addi-
tional stimulation of GSIS in the presence of 10 �M 6-Bnz-
cAMP-AM (Figure 7E), confirming that PKA activation is
responsible for the insulinotropic action of GLP-1 at gluco-
toxocity. In addition, treatment with 6-Bnz-cAMP-AM sup-
pressed ROCK activity (Figure 7F), resembling the effect of
GLP-1. Together this series of complementary experiments
indicate that the PKA-mediated suppression of ROCK sig-
naling and subsequent F-actin depolymerization contributes
to GLP-1-potentiated GSIS in glucotoxicity.

Discussion

It has been suggested that glucotoxicity-impaired GSIS
plays a crucial role in �-cell dysfunction in type 2 diabetes.
Although glucotoxicity induced a certain rate of apoptosis
contributes to impaired insulin secretion, we have dem-

onstrated here, for the first time, that the formation of the
stress fiber-rich actin cytoskeleton is also involved in glu-
cotoxicity-diminished GSIS. This abnormal actin cyto-
skeleton was resistant to glucose-stimulated remodeling.
These findings were obtained in both primary �-cells and
INS-1E cells. We further show that GLP-1 and cAMP-
increasing agents reversed glucotoxicity-inhibited GSIS by
depolymerising the F-actin cytoskeleton. The GLP-1/
cAMP-mediated restoration of glucotoxicity-inhibited
GSIS was accounted for by a PKA-dependent inhibition of
the RhoA-ROCK signaling pathway in glucotoxic �-cells.
Finally, several variants of RHOA were found to be as-
sociated with metabolic traits in humans, suggesting rel-
evance for human metabolic disease.

Our results show that �-cells at high glucose developed
stress fiber-rich actin cytoskeleton, which was resistant to
glucose-induced actin remodeling. By contrast, �-cells at
low glucose exhibited more curved cortical actin filaments
and glucose-stimulated actin depolymerization. It is wor-
thy to note that glucose-insensitive C3 subline of MIN6
cellswasrich instress fibers,which led tosecretorydeficiency
upon glucose stimulation (17). Our data also argue that the
increasedamountof stress fiberswouldbeattributed toactin
polymerization state, rather than a general increase of cellu-
lar F-actin content (Figure 1D). Additionally, an increase of
F-actin stress fibers at G30 can not be attributed to osmotic
effects, given that treatment with 5.5 mM glucose � 24.5
mM D-mannitol (the same osmolarity as that at G30) failed
to induce alteration of actin cytoskeleton and insulin secre-
tion (Supplemental Figure 6, A–C), confirming that hyper-
glycemia per se rather than hyperosmolarity induced the in-
crease of stress fibers and diminished GSIS.

Our data show that glucotoxicity is associated with
the formation of stress fiber-rich actin cytoskeleton in
pancreatic �-cells. This is likely to impair the secretory
response to glucose stimulation (14), given that actin de-
polymerization is important for exocytosis of insulin-con-
taining granules (24). Based on these observations and
coupled with fact that stress fibers reduce GSIS in normal
�-cells (17), it is justifiable to conclude that the abnormal
actin cytoskeleton is at least partly responsible for gluco-
toxicity-diminished GSIS. Two observations corroborate
this concept. First, �-cells at glucotoxicity retained the
stress fiber-rich actin cytoskeleton and displayed no re-
sponse to stimulation with 16.8 mM glucose, whereas
�-cells at low glucose exhibited glucose-stimulated actin
depolymerization and insulin secretion. Second, depo-
lymerising agents, either cytochalasin B or latrunculin B,
ie, two distinct types of F-actin depolymerizing agents,
disrupted the rigid actin cytoskeleton and restored gluco-
toxicity-diminished GSIS. More mechanistic insight is
needed to prove the causal relation between generation of

Figure 6. Effect of GLP-1 on glucotoxicity-induced ROCK activation. A and
B, The graph is similar to Figure 3, C and D, but intensities of p-MBS and total
MBS protein (A) or the p-MLC and total MLC protein (B) were determined in
the absence or presence of GLP-1. Ratios were normalized to in the absence
of GLP-1. Data are means � SEM of seven (A) or five (B) experiments.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. **, P � .01.
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stress fibers and decreased secretory response of pancre-
atic �-cells.

It is known that the RhoA/ROCK pathway is the major
regulator of stress fiber formation (19) and is responsible
for the stabilization of the actin cytoskeleton and inhibi-
tion of insulin secretion at physiological conditions (21).
Given that chronic high glucose stimulates the activities of
RhoA and ROCK, we hypothesized that glucotoxicity-
increased RhoA/ROCK activity would contribute to the
increased stress fibers in �-cells. This conclusion is rein-
forced by the experiments performed in INS-1E cells at
G30 with treatment with the ROCK inhibitor Y27632.
This resulted in disruption of the actin cytoskeleton and
restored glucotoxicity-diminished GSIS. Currently we
have not resolved how glucotoxic conditions activate
RhoA/ROCK. It is generally agreed that signals received
by cell surface receptors, via messengers such as cytokines,
growth factors, and hormones, are transmitted to the Rho
family (25, 26). Consistently, stimulation of tyrosine ki-
nase and G protein-coupled receptors activates RhoA,
which interacts with the Rho-binding domain of ROCK

and results in the activation of ROCK (27). Thus, eluci-
dation of whether tyrosine kinase and G protein-coupled
receptors implicated glucotoxicity-induced activation of
RhoA warrants further investigations.

The ability of GLP-1 to stimulate insulin secretion has
been well established (13, 28). However, the insulino-
tropic action of GLP-1 under glucotoxic conditions has
been rarely documented. We have reported recently that
GLP-1 potentiates GSIS in a PKA-dependent manner dur-
ing glucotoxicity (14). In the present study, we demon-
strate that GLP-1 potentiates glucotoxicity-diminished
GSIS by depolymerizing actin cytoskeleton (Figure 5, A–C
and E), an effect that is mimicked by forskolin and IBMX
(Figure 5, F and H). The cAMP-PKA-mediated effects of
GLP-1 on actin depolymerization and GSIS observed at
glucotoxic conditions are supported by four lines of evi-
dence. First, GLP-1 failed to induce actin depolymeriza-
tion and stimulate GSIS in the presence of MDL-12330A,
a specific adenylyl cyclase inhibitor (Supplemental Figure
7). Second, GLP-1 lost its ability to depolymerize actin
cytoskeleton (Figure 7, A and B) and potentiate GSIS (Fig-

Figure 7. PKA-dependent effects of GLP-1 on F-actin remodeling and GSIS. A, Phalloidin-staining actin cytoskeleton of INS-1E cells in the
presence of 16.8 mM glucose alone, the addition of 6-Bnz-cAMP-AM, or GLP-1, or simultaneously the addition of GLP-1 and Rp-cAMPS,
respectively. Scale bars represent 5 �m. B, Same as Figure 1 (C) but F-actin to G-actin ratio was determined in the absence or presence of GLP-1,
or 6-Bnz-cAMP-AM, or the simultaneous presence of GLP-1 and Rp-cAMPS, for 10 minutes. Data are means � SEM of three experiments each.
*, P � .05; **, P � .01 vs control; ##, P � .01 vs GLP-1. C, Same as Figure 1 (D), but the actin protein level was determined with DMSO (control)
or 6-Bnz-cAMP-AM. Data are means � SEM of three experiments each. D, Insulin secretion was assayed with stimulation by 16.8 mM glucose
alone, the addition of GLP-1, or jasplakinolide, the simultaneous addition of GLP-1 and Rp-cAMPS, or GLP-1 and jasplakinolide, respectively, for 10
minutes. Data are means � SEM of five experiments each. **, P � .01 vs control; ##, P � .01 vs GLP-1. E, Same as panel D, but insulin secretion
was assayed in cells stimulated by 16.8 mM glucose alone, the addition of 6-Bnz-cAMP-AM or jasplakinolide, or the simultaneous addition of 6-
Bnz-cAMP-AM and GLP-1, or GLP-1 and jasplakinolide, respectively, for 10 minutes. Data are means � SEM of five experiments each. **, P � .01
vs control; ##, P � .01 vs 6-Bnz-cAMP-AM. F, Same as Figure 3 (C) but p-MLC and total MLC protein was determined with DMSO or 6-Bnz-cAMP-
AM. Data are means � SEM of six experiments. **, P � .01. G, Schematic of a proposed model for of GLP-1-linked pathway potentiates GSIS via
depolymerizing F-actin at glucotoxicity. See text for details. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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ure 7D) in the presence of Rp-cAMPS. Third, GLP-1 failed
to produce additional stimulation of GSIS when PKA was
activated by 6-Bnz-cAMP-AM (Figure 7E). Fourth, treat-
ment of �-cells with 6-Bnz-cAMP-AM mimicked the ef-
fects of GLP-1 on actin depolymerization (Figure 7, A and
B), GSIS (Figure 7E), and inhibition of ROCK (Figure 7F).

It may seem surprising that whereas our data indicate
that cAMP-elevating agents are capable of depolymerizat-
ing actin cytoskeleton, experiments on Min6 cells treated
with the cAMP phosphodiesterase inhibitor IBMX suggest
failure of cAMP to induce actin depolymerization (17). This
discrepancy would not be so unexpected, given that those
experiments were performed by the application of 1 mM
IBMX alone and without extracellular glucose, whereas our
observations were obtained by the application of 10 �M
forskolin and 1 mM IBMX together and under more phys-
iological basal conditions (2.8 mM glucose). It is important
to note that extracellular glucose is required for cAMP-de-
pendent effects in pancreatic �-cells (29). Another possible
explanation is that cAMP-induced actin depolyermization
would be operational when intracellular cAMP concentra-
tions are high enough to activate PKA, given the PKA-de-
pendenteffectsarecAMPdependentwithadissociationcon-
stant of 6 �M in pancreatic �-cells (28).

The ability of GLP-1 to depolymerize the actin cytoskel-
eton is further confirmed by the observations that treatment
of INS-1E cells with GLP-1 or 6-Bnz-cAMP-AM suppressed
glucotoxicity-increased ROCK activities. The effects of
GLP-1 and 6-Bnz-cAMP-AM were reminiscent of those ob-
served in endothelial cells (25) and mouse lymphoid cell line
(26), which showed that cAMP inhibited both thrombin- or
chemoattractant-induced RhoA activation and transloca-
tionthroughactivationofPKA.Basedonthepresent findings
and those published (4, 14), we outline a hypothetical model
that explains our findings (Figure 7G). Thus, chronic expo-
sure of �-cells to high glucose would result in RhoA activa-
tion and subsequent ROCK activation. Activated ROCK
phosphorylates MLC and inhibits MLCP activity (22),
thereby coordinately increase the phosphorylation of MLC
and result in stress fiber formation (30).

Importantly, the present study shows that GLP-1 sup-
pressed glucotoxicity-stimulated RhoA/ROCK activation in
a PKA-dependent manner. Indeed, it has been found that
PKA inhibits RhoA activation by direct phosphorylation of
the COOH terminus at Ser188, allowing the GTP-bound
form of RhoA to be complexed with guanine nucleotide dis-
sociation inhibitor (31). Nonetheless, inhibition of RhoA/
ROCK activation by PKA would favor depolymerization of
stress fiber-rich actin cytoskeleton, given the central role of
RhoA/ROCK in formation and stabilization of stress fibers
(32). Actin depolymerization in turn facilitates exocytosis of
insulin-containing granules. Taken together, our findings

suggest that glucotoxicity-altered actin cytoskeleton organi-
zation and remodeling at least partly account for the im-
paired GSIS caused by hyperglycemic conditions.

GLP-1 can antagonize the glucotoxic inhibition of GSIS
via suppressing RhoA/ROCK signaling and F-actin depoly-
merization. This is interesting, given the fact that we found
that several variants of RHOA were significantly associated
with elevated fasting insulin and homeostasis model assess-
ment index of insulin resistance, both parameters reflecting
insulin resistance. Whether the single-nucleotide polymor-
phisms confer altered expression of RHOA is not resolved,
but some are located in the genomic region of regulatory
elements (Supplemental Table 1). In addition, we have pre-
viously found that under lipotoxic conditions, expression of
RHOA mRNA is elevated in clonal INS-1-derived cells
(mean of Z-score 1.7; q value �0.05) (33). This could po-
tentially have contributed to the impairment of GSIS ob-
served, in view of the negative effects exerted in �-cells by
RHOA in the current study. The results in our study suggest
a novel cellular function of GLP-1.
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