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Abstract
Our previous work showed that in pancreatic INS-1 cells, geniposide exerted a contrary role on both glucose-

stimulated insulin secretion (GSIS) and glucose uptake and metabolism in the presence of low and high glucose. But 
the molecular mechanisms are presently not well understood. In the present study, we design to probe the role of 
AMP-activated protein kinase (AMPK) and NAD+- dependent deacetylase sirtuin-1 (SIRT1) on geniposide regulating 
GSIS, and analyze the interaction between AMPK and SIRT1 in pancreatic β cells. Our results indicate that geniposide 
induce the phosphorylation of AMPK and enhance the expression of SIRT1 in the presence of low concentration 
of glucose, but in the presence of high concentrations of glucose, geniposide played a contrary role on those. 
Furthermore, Compound C (an AMPK inhibitor) and Ex527 (a potent and selective inhibitor of SIRT1) prevent the 
effects of geniposide on glucose uptake, ATP production and GSIS in INS-1 cells. Taken together, our findings suggest 
that AMPK/SIRT1 are associated with the role of geniposide on energy balance in INS-1 cells.

Keywords: AMP-activated protein kinase (AMPK); Geniposide;
Glucose stimulating insulin secretion (GSIS); NAD+- dependent 
deacetylase sirtuin-1 (SIRT1)

Introduction
AMP-activated protein kinase (AMPK), known as a “metabolic 

master switch”, is one of the essential players in cellular energy 
regulation adapting cellular demands to nutritional and metabolic 
variations [1]. Usually, in pancreatic β cells, nutrient uptake and glucose 
metabolism increases the ratio of ATP/ADP leading to closure of the 
K+/ATP channel. Accumulation of K+ inside the cell leads to membrane 
depolarization that in turn opens voltage-sensitive calcium channels and 
calcium ion influx. Calcium triggers exocytosis of the readily releasable 
pool of insulin granules docked at the plasma membrane resulting 
insulin secretion [2]. In this process, AMPK may control several of 
these events to regulate insulin secretion, in especial including glucose 
metabolism. Activation of AMPK results in the inhibition of energy-
consuming pathways and activation of ATP-producing pathways [3,4]. 
So, pharmacological stimulation of the enzyme exerts pleiotropic 
beneficial effects on metabolic homeostasis including muscle glucose 
uptake, fatty acid oxidation, decrease of hepatic gluconeogenesis, 
inhibition of lipolysis and lowering of triglyceride concentration [5].

Furthermore, the increasing data shows that AMPK and s NAD+- 
dependent deacetylase sirtuin-1 (SIRT1) can activate each other, which 
raises the possibility that they are components of a cycle [6-8]. SIRT1 
is widely expressed in mammalian tissues [9,10], including pancreas (β 
cells), liver, skeletal muscle, adipose tissue, brain, and endothelium, and 
it is an NAD+-dependent histone/protein deacetylase whose activity 
is also regulated by nutrient. A change in energy state or activation 
of AMPK leads to activation of SIRT1, perhaps by increasing NAD+ 
or the NAD/NADH ratio [7] and/or the activity of Nampt [8]. SIRT1 
then deacetylates and activates LKB1, which in turn activates AMPK. 
Glucose metabolism and calorie regulation by AMPK/SIRT1 sensing 
network have been shown to improve insulin sensitivity [2], decrease 
ectopic lipid deposition [11,12], and prevent pancreatic β-cell damage 
[13]. So, AMPK/SIRT1 have emerged as an new target to treat metabolic 
diseases such as type 2 diabetes and obesity [14,15].

Our previous studies have shown that geniposide enhanced 
glucose stimulated insulin secretion (GSIS) in the presence of low or 
moderately high concentrations of glucose in pancreatic β cells [16,17]. 
However, geniposide exerted an acute inhibitory effect on GSIS when 

the cells were challenged with a high concentration of glucose (over 
25 mM). We also observed that, the effects of geniposide on GSIS 
were associated with glucose uptake and metabolism by regulating the 
expression of pyruvate carboxylase [17]. These are intriguing results 
suggest a potential role of geniposide in regulating GSIS, at least in part, 
was a result of glucose metabolism, which was a key process for insulin 
release. However, the mechanisms of geniposide regulating glucose 
uptake and metabolism in INS-1 cells need to be further investigated.

Mounting evidence shows that AMPK/SIRT1 are the key players of 
glucose metabolism [18-20]. In the present study, beside to probe the 
role of AMPK/ SIRT1 on geniposide regulating GSIS in pancreatic β 
cells, Compound C, a specific AMPK inhibitor, and Ex 527, a specific 
SIRT1 inhibitor, were used to explore the role of AMPK and SIRT1 on 
geniposide regulating GSIS in pancreatic β cells.

Materials and Methods

Materials

“Compound C” (6-[4-(2-piperidin-1-yletoxy)-phenyl)]-3-
pyridin-4–yl–pyrrazolo [1,5-a]pyrimidine), an AMPK inhibitor, and 
Ex 527, a potent and selective SIRT1 inhibitor, were purchased from 
Sigma-Aldrich (St Louis, MO, USA). Rat/Mouse insulin ELISA kit was 
obtained from Millipore Corporation (Billerica, MA, USA). Specific 
antibodies against phospho-AMPK, AMPKα1/2, SIRT1, and anti-
mouse and anti-rabbit HRP-conjugated antibodies were purchased 
from Cell Signaling Technology (Danvers, MA, USA).
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Cell culture

INS-1 cells, a rat pancreatic β-cell line, was purchased from CCTCC 
(China Center for Type Culture Collection). The cells were cultured in 
RPMI medium 1640 with 11 mM glucose and supplemented with 10% 
fetal bovine serum (FBS), 10 mM HEPES, 100 U/ml penicillin, 100 μg/
ml streptomycin, 2 mM Lglutamine, 1 mM sodium pyruvate and 50 μM 
mercaptoethanol under 5% CO2 and 95% air at 37°C.

Assay of glucose uptake and ATP level

To determine the effect of geniposide 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 
hours in KRBH buffer. And then, an AMPK inhibitor Compound C, 
or a SIRT1 inhibitor Ex 527 were added respectively in the presence 
or absence of 10 μM geniposide with KRBB containing 5.5 or 33 mM 
of glucose. After incubated for 20 minutes, the buffer was collected for 
the measurement of glucose concentration, which was used to calculate 
glucose uptake as reported previously 17. The cell lysates were used 
to determine ATP content. Glucose concentration in the buffer was 
measured using a glucose assay kit according to protocol supplied by 
the manufacturer (Bioversion, Mountain View, CA). The content of 
ATP in cell lysates was measured using ATP bioluminescence assay 
kits according to the manufacturer’s instructions (Roche, Mannheim, 
Germany).

Immunoblotting

After treated with geniposide in the presence of different 
concentrations of glucose, INS-1 cells were washed with cold PBS 
and lysed in a lysis buffer containing 20 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 0.1% sodium 
dodecyl sulfate, protease inhibitors (aprotinin, 30 μg/ml; leupeptin, 
4 μg/ml; pepstatin, 2 μg/ml; and phenylmethyl sulfonyl fluoride, 10 
μg/ml), 1 mM Na3VO4, and 2.5 mM Na4P2O7. Lysates were sonicated 
for approximately 10 s, protein concentrations were determined by a 
BCA protein assay kit (Beyotime, Shanghai, China). The samples were 

stored at -80°C until use. An aliquot of 10-20 μg protein from each 
cell extract was loaded on a 10% SDS-PAGE gel. After electrophoretic 
separation, proteins were transferred to polyvinylidene difluoride 
(PVDF) membrane. Primary and secondary antibodies were diluted 
in a blocking solution and incubated with the membrane for indicated 
times as described previously [21]. Excess antibody was washed off 
with 20 mM Tris-buffered saline containing Tween-20 (TBST, 20 mM 
Tris, 150 mM NaCl and 0.1% Tween 20; pH 7.5). Immunoreactivity was 
detected using enhanced chemiluminescence (ECL) western blotting 
kit (Amersham Pharmacia Biotech AB, Uppsala, Sweden). Bands were 
analyzed by densitometric scanning using the Quantity One software 
(Bio-Rad, Hercules, CA, USA).

Statistical analysis

All statistical analyses were conducted using the software of Origin 
version 8.0 (OriginLab Corporation, MA). Data were analyzed using 
one-way ANOVA followed with the Tukey’s post-doc test or two-
way ANOVA followed with the Bonferroni’s post-hoc test for the 
differences among the treatment means, where P<0.05 was considered 
significant. Results are presented as means ± SD from at least three 
times experiments.

Results
Effects of geniposide on the phosphorylation of AMPK and 
the expression of SIRT1

In this study, we determined the effect of geniposide on the 
phosphorylations of AMPK and the expression of SIRT1 in the presence 
of low (5.5 mM) and high (33 mM) concentrations of glucose. As shown 
in Figure 1A, comparing with the control at 30-minute time point, 10 
μM geniposide treatment significantly increased the phosphorylated 
level of AMPK protein to 3.39 ± 0.42 folds (p<0.01) in the presence of 
5.5 mM glucose. But in the presence of 33 mM glucose, after a short-
term increasing, geniposide suppressed the phosphorylation of AMPK 
distinctively. As shown in Figure 2B, comparing with the control at 
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Figure 1: Effects of geniposide on the phosphorylation of AMPK in presence of 5.5 (A) or 33 (B) mM glucose in INS-1 cells. After INS-1 cells were treated with 
10 μM geniposide for indicated times, the cells were washed once with PBS, and equal lysates were separated with SDS-PAGE. The phosphorylation of AMPK 
was probed with western blotting. Data are shown as mean ± SD from three independent experiments. *P<0.05, **P<0.01 vs vehicle.
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60-minute time point, the phosphorylated level of AMPk decreased to 
42% in geniposide-treated INS-1 cells (p<0.01).

Similarly, the level of SIRT1 was significantly increased to 2.32 ± 
0.25 folds (p<0.01) in cells treated with 10 μM geniposide comparing 
with the control (Figure 2A). But in the presence of 33 mM glucose, 
geniposide dramatically inhibited the expression of SIRT1. As shown in 
Figure 2B, comparing with the control at 24-hour time point, treatment 
with 10 μM geniposide decreased the protein level of SIRT1 to 40% 
(p<0.01).

Interaction of AMPK and SIRT1 in geniposide-treating INS-
1 cells

To explore the interaction of AMPK and SIRT1, we firstly determined 
the effect of Compound C (an AMPK inhibitor) on the expression of 
SIRT1, as shown in Figure 3, we observed that, after treatment with 10 
μM geniposide for 24 hours, the protein level of SIRT1 was increased 
to 1.68 ± 0.21 folds in the presence of 5.5 mM glucose (p<0.05), but 
in the presence of 33 mM glucose, the expression level of SIRT1 was 
inhibited to about 62% compared to the control. Furthermore, pre-
incubation with 50 μM Compound C, an AMPK inhibitor, decreased 
the expression of SIRT1 induced by geniposide both in the presence of 
5.5 and 33 mM glucose in INS-1 cells.

At the same time, we also measured the influence of Ex 527, a potent 
and selective inhibitor of SIRT1, on the phosphorylation of AMPK, the 
results suggested that treatment with Ex 527 significantly inhibited the 
phosphorylation of AMPK induced by geniposide both in the presence 
of 5.5 and 33 mM glucose in INS-1 cells (Figures 4A and 4B).

Effect of AMPK/SIRT1 on geniposide regulating glucose 
uptake and intracellular ATP level

Mounting evidence show that glucose uptake and ATP content play 
a critical role on GSIS [1]. Our previous data suggested that geniposide 
regulating GSIS were associated with its role on glucose uptake and 
metabolism [17]. To further probe the mechanisms of geniposide 

regulating GSIS, we determined the influence of Compound C and Ex 
527 on the uptake and metabolism of glucose in geniposide-treating 
INS-1 cells, the results revealed that, similar with our previous work, 
geniposide accerlated the uptake and metabolism of glucose in the 
presence of 5.5 mM glucose, but exerted a contrary role on that in the 
presence of 33 mM glucose. Furthermore, both Compound C and Ex 
527 could suppress the effect of geniposide on glucose uptake (Figure 
5A) and the production of ATP (Figure 5B) induced by geniposide both 
in the presence of 5.5 and 33 mM glucose in INS-1 cells.

Discussion
Hyperinsulinemia, which is a condition in which there are excess 

levels of insulin circulating in the blood than expected relative to the 
level of glucose, is associated with hypertension, obesity, dyslipidemia, 
and glucose intolerance, and often seen in people with early stage 
type 2 diabetes mellitus [22]. Recently Lamontagne et al. reported 
troglitazone exerted a direct action on β cell to reduce insulin secretion 
in vitro as pioglitazone [23]. At present, it has been popularly accepted 
that hyperinsulinemia can cause over insulin secretion and insulin 
resistance and that lowering insulin secretion in hyperinsulinemic 
individuals may be beneficial [24].

In our previous study, we reported that geniposide exerted a 
contrary role on GSIS in the presence of low and very high (over 25 mM) 
concentrations of glucose by regulating the level of pyruvate carboxylase, 
a critical enzyme associated with the metabolism of glucose [16,17,25], 
which suggests that geniposide might be a promising agent to prevent 
or delay hyperinsulinemia or glucotoxicity under high glucose burden. 
But unfortunately, the mechanisms of geniposide regulating the uptake 
and metabolism of glucose need to be further clarified.

AMPK is a major cellular energy sensor and a master regulator 
of metabolic homeostasis in eukaryotes that maintains energy 
stores and enhances aerobic metabolism [7]. A large number of 
physiological processes have been shown to stimulate AMPK, including 
conditions that lead to alterations of the ATP/AMP ratio and calcium 
concentrations, which regulates lipid and glucose metabolism through 
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Figure 2: Geniposide regulated the expression of SIRT1 in the presence of low and high concentration of glucose in INS-1 cells. A: Treatment with 10 μM 
geniposide increases the protein levels of SIRT1 in response to 5.5 mM of glucose in INS-1 cells, **P<0.01 vs vehicle. B: Treatment with 10 μM geniposide 
decreases the protein levels of SIRT1 in response to 33 mM of glucose in INS-1 cells, **P<0.01 vs vehicle. Data are means ± SD from at least three independent 
experiments.
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direct phosphorylation of its substrates [5]. In this study, we found 
that geniposide could regulate the phosphorylation AMPK both in the 
presence of low (5.5 mM) and very high (33 mM) concentrations of 
glucose in INS-1, a pancreatic β cells. Furthermore, as shown in Figure 
5, pre-incubation with Compound C, an AMPK inhibitor, prevented 

the effects of geniposide on the uptake of glucose and intracellular ATP 
production, which is a key driving factor for insulin release, in INS-1 cells.

Additionally, because SIRT1, an NAD-dependent deacetylase, that 
acts as a master metabolic sensor of NAD+, played an important role 
in mitochondrial biogenesis and glucose homeostasis [6,7]. We also 
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Figure 3: Effects of Compound C on the expression of SIRT1 in presence of 5.5 (A) or 33 (B) mM glucose in INS-1 cells. After INS-1 cells were treated with 50 
μM Compound C, a specific inhibitor for AMPK for 30 min, 10 μM geniposide was added into the INS-1 cells and continued to culture for 24 h. After that, the 
cells were washed once with PBS, and equal lysates were separated with SDS-PAGE. The expression of SIRT1 was probed with western blotting. Data are 
shown as mean ± SD from three independent experiments. **P<0.01 vs control, and  ##P<0.01 vs the group of geniposide alone.
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Figure 4: Effects of Ex 527 on the phosphorylation of AMPK in presence of 5.5 (A) or 33 (B) mM glucose in INS-1 cells. After INS-1 cells were treated with 1 
μM Ex 527, a specific inhibitor for SIRT1 for 30 min, 10 μM geniposide was added into the INS-1 cells and continued to culture for 60 min. After that, the cells 
were washed once with PBS, and equal lysates were separated with SDS-PAGE. The phosphorylation of AMPK was probed with western blotting. Data are 
shown as mean ± SD from three independent experiments. *P<0.05, **P<0.01 vs control, and ##P<0.01 vs the group of geniposide alone.
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Figure 5: Effects of AMPK/ SIRT1 on geniposide regulating glucose uptake (A) and ATP level (B). INS-1 cells were seeded onto 6-well plate. After overnight 
incubation, the cells were washed once with KRBB and starved for 2 hours in KRBH buffer. Then, Compound C or Ex 527 incubated for 30 min respectively 
before starved for 20 minutes in the presence or absence of 10 μM geniposide with KRBB containing 5.5 or 33 mM of glucose. After 20 minutes of incubation, 
glucose concentration in the buffer was measured and the uptake of glucose was determined by the difference of glucose concentrations in the buffer after 
incubation relative to pre-incubation. The intracellular content of ATP was measure in cell lysates using ATP bioluminescence assay kits according to the 
manufacturer’s instructions. Data are means ± SD from three representative experiments (n=3, three wells for each replicate). *P<0.05, **P<0.01 vs the same 
glucose concentrations without geniposide. &P<0.05, &&P<0.01 vs the same glucose concentrations with geniposide.

Figure 6: A sketch of geniposide adjusting the metabolic network of energy 
expenditure.

determined the effects of geniposide on the expression of SIRT1 in INS-
1 cells. The results showed that geniposide could regulate the expression 
of SIRT1 in the presence of low (5.5 mM) and very high (33 mM) 
concentrations of glucose. Moreover, unlike the sustained activation 
in presence of 5.5 mM glucose, p-AMPK was fleetly decreased in the 
presence of 33 mM glucose, and SIRT1 expression also showed the same 
trend. All these observations revealed that AMPK/SIRT1, as the central 
regulators of cellular metabolism, were intimately linked with energy 
balance regulated by geniposide in presence of different concentrations 
of glucoses.

Furthermore, to analyze the interaction of AMPK and SIRT1 
during the process of geniposide regulating glucose uptake and 

metabolism, Ex527 and Compound C were used in this study, the 
results demonstrated that Ex527 could prevent the role of geniposide 
on the phosphorylation of AMPK, and Compound C could prohibit 
the expression of SIRT1 induced by geniposide both in the presence of 
low and very high concentrations of glucose in INS-1 cells. So we have 
observed a close correlation between AMPK phosphorylation and SIRT1 
level, indicating that the persistently increased the phosphorylations of 
AMPK and the expression of SIRT1 by geniposide in response to low 
glucose indicates a sequence of events in which geniposide increased 
the phosphorylation AMPK and the expression of SIRT1, accelerated 
the uptake and metabolism of glucose, promoted the production of 
ATP, and ultimately improved insulin secretion in pancreatic β cells, 
but when the cells challenged by very high concentrations of glucose, 
geniposide exerted a contrary role. The possible way of geniposide 
regulating energy balance in INS-1 cells was summarized in Figure 6.

Collectively, the data presented here provide novel and in-depth 
evidence for the role of geniposide on pancreatic β-cells glucose and 
energy homeostasis. Due to the capacity of geniposide to preserve 
pancreatic β-cells from exhaustion resulted from prolonged and over 
insulin secretion under high glucose burden [17], geniposide might be 
used as a novel small molecular for the treatment of hyperinsulinemia, 
and delayedthe developmental progress of type 2 diabetes.
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