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Abstract Our previous work showed that geniposide
affected glucose-stimulated insulin secretion (GSIS) via
regulating glucose uptake and metabolism in pancreatic
cells; however, the molecular mechanisms remain largely
unknown. Substantial evidence suggests that activation of
5'-AMP-activated protein kinase (AMPK) plays a central
role in GSIS. Here, we aim to determine the role of AMPK
on geniposide-regulated GSIS in rat pancreatic INS-1 cells.
The results demonstrated that 6-[4-(2-piperidin-1-yletoxy)-
phenyl]-3-pyridin-4-yl-pyrazolo[1,5-0] pyrimidine (Com-
pound C; an AMPK inhibitor) significantly attenuated the
effects of geniposide on glucose uptake, energy metabo-
lism, and insulin secretion in INS-1 cells. We also observed
that geniposide induced phosphorylation of acetyl-CoA
carboxylase (ACC), a marker of AMPK activity, in a time-
dependent manner in INS-1 cells; however, in the presence
of Compound C, the influence of geniposide on ACC
phosphorylation was obviously inhibited. Furthermore, the
knockdown of AMPK protein with AMPK siRNA treat-
ment decreased the effects of geniposide on glucose
uptake, adenosine triphosphate production, and GSIS. All
these data indicate that AMPK plays an essential role in
geniposide-regulated GSIS in pancreatic f§ cells.
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Introduction

An impressive amount of evidence shows that type 2 dia-
betes (T2D) has reached epidemic proportions worldwide,
and the International Diabetes Federation predicts that the
number of cases of T2D will increase to 600 million by
2035 [1]. Although there are several medications currently
available to treat T2D, there is a great need for more safe
and efficacious treatment [2, 3].

The metabolic disturbances in T2D include diminished
insulin-stimulated glucose uptake by skeletal muscle and
fat, increased hepatic glucose production, and impaired
insulin secretion by pancreatic B cells [4]. Among those,
glucose-stimulated insulin secretion (GSIS) from pancre-
atic B cells is one of the key players in regulating cellular
adaptation demands to nutritional and metabolic variations
[5]. Mounting evidence indicates that GSIS is regulated by
the rate of glucose metabolism within B cells [6]. Unfor-
tunately, it has been known for many decades that insulin
response to a rise in blood glucose is markedly diminished
in T2D [7, 8]. Therefore, improvement of GSIS in pan-
creatic 3 cells has been used as an efficient strategy to treat
T2D [5, 9].

Geniposide, isolated from Gardenia jasminoides Ellis,
which belongs to the iridoid family, has a wide range of
therapeutic activities, including anti-oxidative and anti-in-
flammatory effects and treatment of hepatic disorders and
diabetes [10-14]. We previously reported that geniposide
was a novel agonist for glucagon-like peptide 1 receptor
(GLP-1R), which showed neurophic and neuroprotective
effects on neurons [15-18]. Additionally, in pancreatic 3
cells, we observed that with the activation of GLP-1R,
geniposide could regulate GSIS, which enhanced GSIS in
the presence of low and moderately high concentrations of
glucose in pancreatic B INS-1 cells, but exerted an acute
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inhibitory effect on GSIS in the presence of high concen-
trations of glucose (>25 mM) [19-21]. Our further
research confirmed that the effect of geniposide on GSIS
was involved in its role on the dynamic equilibrium of
energy metabolism through regulating the expression of
pyruvate carboxylase, a key enzyme for the metabolism of
glucose. Furthermore, geniposide significantly affected the
uptake and metabolism of glucose in the presence of dif-
ferent concentrations of glucose in pancreatic INS-1 cells
[20]. Recently, we observed that geniposide induced
phosphorylation of 5’-AMP-activated protein kinase
(AMPK) and expression of NAD-dependent deacetylase
sirtuin-1 (SIRT1) in the presence of low concentrations of
glucose; however, geniposide played a contrary role in the
presence of high concentrations of glucose [22]. The
molecular mechanisms need to be clarified.

Mounting evidence suggests that AMPK plays an
essential role in GSIS in pancreatic 3 cells in acute treatment
settings (hours) and chronic treatment settings (days), and
pharmacological activation of AMPK has proven to be of
benefit in the treatment of T2D [23-25]. In this study, we
aim to investigate the role of AMPK on geniposide-regu-
lated GSIS. The results indicated that both 5-aminoimida-
zole-4-carboxamide1-B-D-ribofuranoside ~ (AICAR; an
AMPK activator) and Compound C (an AMPK inhibitor)
could affect GSIS and phosphorylation of acetyl-CoA car-
boxylase (ACC), a marker of AMPK activity. Furthermore,
using RNA interference, we also investigated the role of
AMPK on geniposide-regulated GSIS in pancreatic 3 INS-1
cells.

Materials and methods
Reagent

AICAR (an AMPK activator) and Compound C (an AMPK
inhibitor) were obtained from Sigma (St. Louis, MO,
USA), and AMPK siRNA (sc-270142) for AMPKal and
specific antibodies for ACC phosphorylation were obtained
from Santa Cruz Biotechnology Inc. (Texas, CA, USA).
ACCI1 antibody was purchased from Proteintech Group
Inc. (Rosemont, IL, USA), and horseradish peroxidase-la-
beled GAPDH antibody was bought from KangChen Bio-
Tech Inc. (Shanghai, China). Geniposide was bought from
the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China).

Cell culture
The rat INS-1 pancreatic B cell line, purchased from the

China Center for Type Culture Collection, was cultured at
37 °C in a humidified atmosphere containing 5 % CO,.
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The culture medium was RPMI medium 1640 containing
11 mM glucose and supplemented with 10 % FBS, 10 mM
HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin,
2 mM L-glutamine, 1 mM sodium pyruvate and 50 pM
mercaptoethanol. The culture medium was replaced every
second day, and the cells were passaged once a week fol-
lowing trypsinization.

Insulin secretion assay

Detection of insulin content was performed as previously
described [19, 20]. Briefly, INS-1 cells were seeded onto
6-well plates and cultured for 24 h. The cells were then
washed twice with Krebs—Ringer bicarbonate buffer
(KRBB; 129 mM NaCl, 4.8 mM KCI, 1.2 mM MgSOy,,
1.2 mM KH,PO,, 2.5 mM CaCl,, 5 mM NaHCOs;, 0.1 %
BSA, 10 mM HEPES, (pH 7.4) and then starved for 2 h in
KRBB. The cells were incubated for 60 min in fresh KRBB
containing geniposide and indicated concentrations of
glucose in the presence or absence of AICAR and Com-
pound C. The supernatants were collected to measure
insulin content using a rat/mouse insulin ELISA kit
according to the manufacturer’s instructions (Linco
Research, Inc., St Charles, MO, USA).

Glucose uptake and metabolism

To determine the effect of AICAR and Compound C on
glucose uptake and metabolism, INS-1 cells were seeded
onto 6-well plates. After overnight incubation, the cells
were washed once with KRBB and starved for 2 h in fresh
KRBB. The buffer was then replaced with KRBB con-
taining indicated concentrations of glucose, geniposide
and/or AICAR and Compound C. After 60 min incubation,
the buffer was collected for measurement of glucose con-
centration, which was used to calculate glucose uptake as
reported previously [20]. The cell lysates were used to
determine adenosine triphosphate (ATP) content. Glucose
concentration in the buffer was measured using a glucose
assay kit according to the manufacturer’s instructions
(Bioversion, Mountain View, CA, USA). The content of
ATP in cell lysates was measured using ATP biolumines-
cence assay kits according to the manufacturer’s instruc-
tions (Roche, Mannheim, Germany).

Small interfering RNA (siRNA) on AMPK

The experimental procedure of RNA interference on
AMPK was carried out as previously described [11].
Generally, before transient transfection, INS-1 cells were
placed into 6-well plates and incubation was continued
overnight. The cells were transfected with AMPK siRNA
via Lipofectamine 2000 Transfection Reagent according to
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the manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA), and continued to culture for 24 h. The interfering
efficiency was checked by Western blot.

Western blot analysis

Cell lysates (10-20 pg) were resolved by 10 % SDS-PAGE
and transferred to polyvinylidene difluoride membranes.
After blocking, the membranes were probed with anti-
phospho-ACC and anti-ACC1 antibodies (1:2000-3000)
followed by incubation with anti-horseradish-conjugated
GAPDH antibody (1:8000-10,000). Immunoreactive pro-
teins were detected by chemiluminescence using ECL
reagent (Amersham Pharmacia, Piscataway, NJ, USA), and
immunoblot signals were analyzed with Quanty One soft-
ware (Bio-Rad, Hercules, CA, USA).

Statistical analysis

Data are shown as mean £ SD from three independent
experiments. Analysis of variance was carried out using
OriginLab software. For comparison between groups,
Student’s ¢ test was performed. A one-way ANOVA fol-
lowed by Tukey’s or Dunnett’s tests was used to compare
all groups or selected groups to control. p < 0.05 was
considered statistically significant.

Results

Effects of Compound C on geniposide-regulated
GSIS

Our previous work suggested that, consistent with the
effect on GSIS, geniposide played a controversial role on
the phosphorylated level of AMPK in the presence of low
(5 mM) and high (25 mM) concentrations of glucose in rat
pancreatic INS-1 cells [22], suggesting that AMPK might
be involved in the effect of geniposide on GSIS. In this
study, we determined the influence of AICAR (an AMPK
activator) and Compound C (an AMPK inhibitor) on GSIS
regulated by geniposide in the presence of low (5 mM) and
high (25 mM) glucose in INS-1 cells. As shown in Fig. 1,
in the presence of low (5 mM) concentrations of glucose,
geniposide obviously increased GSIS, and AICAR poten-
tiated the effect of geniposide on GSIS by increasing
insulin secretion (p < 0.01); pre-incubation with Com-
pound C significantly attenuated the role of geniposide on
GSIS (p < 0.01). However, in the presence of high glucose
concentrations (25 mM), geniposide remarkably decreased
GSIS (p < 0.01). Moreover, although AICAR could not
potentiate further the effect of geniposide on GSIS, pre-
incubation with Compound C significantly prevented the
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Fig. 1 The role of AICAR and Compound C on geniposide-regulated
GSIS. After INS-1 cells were replaced into 6-well plates, and
incubation continued overnight, the cells was washed once with PBS
and starved for 2 h in KRBB. The medium was then replaced with
fresh KRBB, and 10 pM geniposide (Gen), 20 pM Compound C or
1.0 mM AICAR was added, and incubation continued for 60 min. The
supernatant was collected to determine the insulin content using
commercial ELISA kits according to the manufacturer’s instructions.
Data are expressed as mean £+ SD (n = 3, two wells for each
replicate)

role of geniposide on GSIS (p < 0.05) in high (25 mM)
glucose-incubated INS-1 cells.

Compound C regulated glucose uptake
and metabolism in geniposide-treated INS-1 cells

To investigate the role of AMPK on glucose uptake and
metabolism, we measured the effects of Compound C on
glucose uptake and ATP production in geniposide-treated
INS-1 cells. The results indicated that geniposide accelerated
the uptake of glucose in the presence of low glucose con-
centrations (5 mM), but prevented it in the presence of high
glucose concentrations (25 mM). Compound C (an AMPK
inhibitor) significantly decreased the effect of geniposide on
glucose uptake in INS-1 cells (p < 0.05) (Fig. 2a). In addi-
tion, Compound C apparently suppressed the role of geni-
poside on glucose metabolism by decreasing the ATP content
in geniposide-treated INS-1 cells (p < 0.01) (Fig. 2b).

Pre-treatment with AMPK siRNA abolished
the effects of geniposide on glucose uptake, ATP
production, and GSIS

To further identify the role of AMPK on geniposide-reg-

ulated GSIS, we used RNA interference to knockdown
AMPK expression in INS-1 cells (the interfered efficiency
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Fig. 2 Compound C regulated glucose uptake (a) and metabolism
(b) in geniposide-treated INS-1 cells. After INS-1 cells were replaced
into 6-well plates, and incubation continued overnight, the cells were
washed once with PBS and starved for 2 h in KRBB. Then, 10 puM
geniposide (Gen) and/or 20 uM Compound C was added, and
incubation continued for 60 min. The supernatant was collected to
determine the glucose concentrations using a glucose assay kit
according to manufacturer’s instructions. The cell lysates were used
to determine ATP content using ATP bioluminescence assay Kkits
according to the manufacturer’s instructions. Data are expressed as
mean £ SD (n = 6)

of siRNA is shown in Fig. 3a), and then determine the
influence of geniposide on GSIS, glucose uptake and ATP
production. The results demonstrated that in the presence
of low (5§ mM) glucose, pre-treatment with AMPK siRNA
significantly attenuated the potentiating effects of geni-
poside on GSIS (p < 0.05) (Fig. 3b), glucose uptake (sta-
tistical difference not significant) (Fig. 3c) and ATP
production (statistical difference not significant) (Fig. 3d).
In the presence of high (25 mM) glucose, pre-treatment
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with AMPK siRNA obviously decreased the inhibiting
effects of geniposide on GSIS (p < 0.05) (Fig. 3b), glucose
uptake (p < 0.05) (Fig. 3c) and ATP production (p < 0.01)
(Fig. 3d) in INS-1 cells.

Geniposide regulated ACC phosphorylation

Substantial evidence suggests that ACC phosphorylation is
a marker of AMPK activity [26]. To provide more evidence
for the role of AMPK on geniposide-regulated GSIS, we
determined the influence of geniposide on the expression
and phosphorylation of ACC protein with Western blot
assay. The results showed that in the presence of low
glucose (5 mM), geniposide induced ACC phosphorylation
in a time-dependent manner, and reached the maximum
after 60 min of incubation (Fig. 4a). However, in the
presence of high glucose (25 mM), geniposide rapidly
increased the ACC phosphorylation level, and reached the
maximum after 15 min of incubation, but quickly returned
to normal (Fig. 4b). Furthermore, at this time point, we
determined the effect of Compound C on ACC phospho-
rylation; the results suggested that ACC phosphorylation
induced by geniposide could be prohibited by Compound C
(p < 0.01) (Fig. 4c).

To further observe the phosphorylated state of ACC
during geniposide-regulated GSIS, we checked the phos-
phorylated level of ACC after 60-min incubation in the
presence of different concentrations of glucose. The data
demonstrated that geniposide apparently enhanced ACC
phosphorylation in the presence of low (5 mM) and mod-
erate (11 mM) concentrations of glucose; however, after
60-min incubation, geniposide showed no significant effect
on ACC phosphorylation in the presence of high glucose
(25 mM) in INS-1 cells (Fig. 4d).

Treatment with AMPK siRNA attenuated the effect
of geniposide on ACC phosphorylation

To clarify the role of AMPK on geniposide-regulated ACC
phosphorylation, we determined the phosphorylated level of
ACC in AMPK siRNA-treated INS-1 cells. The results
showed that in the presence of 25 mM glucose, treatment with
10 uM geniposide for 15 min significantly increased ACC
phosphorylation (p < 0.01); however, in AMPK siRNA-
treated INS-1 cells, the effect of geniposide on ACC phos-
phorylation was obviously cancelled (p < 0.05) (Fig. 5).

Discussion
Circumstantial evidence accumulated over many decades

by several research groups suggested that AMPK played an
essential role in the function of pancreatic B cells,
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Fig. 3 AMPK siRNA prevented the effects of geniposide on GSIS
(b), glucose uptake (¢) and ATP production (d) in the presence of low
(5 mM) and high (25 mM) glucose in INS-1 cells. a After INS-1cells
were treated with 0, 20, 30 or 50 nM AMPK siRNA for 24 h, the
interfering efficiency was determined by Western blot. To explore the
influence of AMPK siRNA on geniposide-regulated GSIS, glucose
uptake and metabolism, the cells were pre-treated with 30 nM AMPK
siRNA for 24 h, and were then washed once with PBS and starved for

including GSIS [23, 27]. To clarify the relationship
between geniposide-regulated GSIS and AMPK activation,
we determined the influence of geniposide on ACC phos-
phorylation, a marker of AMPK. As shown in Fig. 4,
geniposide induced ACC phosphorylation in the presence
of low glucose (5 mM) in INS-1 cells. This was similar to
the role of geniposide on AMPK phosphorylation [22], and
GSIS [19, 20], suggesting that activation of AMPK by
geniposide in low glucose conditions is beneficial to GSIS.
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2 h in KRBB. The medium was replaced with fresh KRBB, and
10 pM geniposide (Gen) and indicated concentrations of glucose
were added, and incubation continued for 60 min. The supernatant
was collected to determine the insulin and glucose concentrations
using commercial kits according to manufacturer’s instructions. The
cell lysates were used to determine ATP content using ATP
bioluminescence assay kits according to the manufacturer’s instruc-
tions. Data are expressed as mean £+ SD (n = 6)

However, in the presence of high glucose (25 mM), inhi-
bition of AMPK with Compound C decreased geniposide-
regulated GSIS and ACC phosphorylation in INS-1 cells.
This might be beneficial to lower excessive insulin secre-
tion and contribute to improvement of glucose homeostasis
in vivo or deleterious because of insufficient insulin
secretion.

To further clarify the role of AMPK on geniposide-
regulated GSIS, we used RNA interference to directly
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Fig. 4 Effects of Compound C on ACC phosphorylation induced by
geniposide. After the cells were treated with 10 M geniposide for
indicated times in the presence of 5 mM (a) or 25 mM (b) glucose,
the phosphorylated level of ACC was measured with Western blot.
¢ The cells were treated with 20 pM Compound C for 30 min, and
then incubated with 10 UM geniposide in the presence of 25 mM

knockdown AMPK expression. In AMPK siRNA-treated
INS-1 cells, the effects of geniposide on glucose uptake,
metabolism, and GSIS were significantly abolished, and
ACC phosphorylation was distinctly decreased. All these
data indicate that geniposide-regulated GSIS is associated
with AMPK activity.

Although the role of AMPK in insulin secretion of B
cells has been widely studied, the results concerning the
relationship between AMPK and GSIS are still contro-
versial [27]. Many studies from different research groups
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glucose for 15 min. The cell lysates were used to detect ACC
phosphorylation. Data are shown as mean + SD from three indepen-
dent experiments. d The cells were incubated with indicated
concentrations of glucose for 15 min and the phosphate level of
ACC was detected by Western blot. Data are expressed as
mean £ SD from three independent experiments

show that AMPK negatively regulates B-cell insulin
secretion in various B-cell lines and in primary rat islets
[28-30]. This theory was supported by the fact that
activation of AMPK by AICAR and thiazolidinediones
decreased insulin secretion [27, 31]. In contrast, there is
some evidence showing that activation of AMPK by
AICAR failed to suppress GSIS in a study involving three
different B-cell model systems including primary islets
[32]. The cause for these discrepancies is unknown, but
the effect of AMPK on GSIS may be influenced by
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Fig. 5 AMPK siRNA Glucose (25mM) 25 25 25 25
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siRNA or scrambled siRNA for

24 h, the cells were treated with — - — T—  w—  ACC

10 uM geniposide for 15 min in

the presence of 25 mM glucose. R S— 7 S—— GAPDH
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The phosphorylated level of
ACC was measured with
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independent experiments
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glucose concentrations in the medium-, short- or long-
term activation of AMPK, cell culture conditions, etc.
[27, 33, 34].

AMPK is now widely considered as a therapeutic target
for the treatment of T2D and metabolic disorders based on
its effects on whole-body metabolism [23, 24, 35]. There is
some evidence indicating that activation of AMPK has
beneficial effects on glucose and lipid metabolism and,
conversely, AMPK knockout inhibits gluconeogenesis in
hepatocytes [23, 35, 36]. The data shown in this study
revealed that geniposide-regulated AMPK phosphorylation
in order to influence the uptake and metabolism of glucose
would be beneficial in T2D patients to preserve B-cell
function and glucose homeostasis.
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