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Purpose: To investigate the effect of geniposide on the biosynthesis of insulin and the

expression protein disulfide isomerase (PDI) and endoplasmic reticulum oxidoreductin 1

(ERO1) in the presence of low (5 mM) and high (25 mM) glucose in pancreatic β cells.

Methods: The content of insulin was measured by ELISA, the number of SH groups was

determined with the classical chromogenic reagent, 5,5ʹ-dithiobis-(2-nitrobenzoic) acid

(DTNB; also known as Ellman’s reagent), the expressions of PDI and ERO1 were analyzed

by Western blot.

Results: Geniposide played contrary roles on the accumulation of H2O2, the ratio of GSH/

GSSG and the thiol–disulfide balance in the presence of low (5 mM) and high (25 mM)

glucose in rat pancreatic INS-1 cells. Geniposide also regulated the protein levels of protein

disulfide isomerase (PDI) and endoplasmic reticulum oxidoreductin1 (ERO1), the two key

enzymes for the production of H2O2 during the biosynthesis of insulin in INS-1 cells.

Conclusion: Geniposide affects glucose-stimulated insulin secretion by modulating the

thiol–disulfide balance that is controlled by the redox signaling in pancreatic β cells.

Keywords: endoplasmic reticulum oxidoreductin1, ERO1, geniposide, protein disulfide

isomerase, PDI, glucose-stimulated insulin secretion, GSIS, type 2 diabetes mellitus, T2DM

Introduction
Type 2 diabetes mellitus (T2DM), characterized by progressive impairment of

insulin secretion and insulin resistance, is a common metabolic disease. Due to

its complex health and steadily increasing prevalence, T2DM represents one of the

serious burdens of the twenty-first century.1 Although great progress has been made

in understanding the molecular mechanisms of T2DM, the proposed beneficial

strategies for patients of T2DM are limited.

A growing body of evidence suggests that normal pancreatic β cells exhibit

a dramatic response to nutrients and obesity-associated insulin resistance through

hypersecretion of insulin to maintain energy homeostasis.2 However, pancreatic β

cells are not able to sustain the compensatory response over an extended period

under the conditions of high glucose or over-nutrition, which lead to β cells

dysfunction and death.3 Studies have revealed that, due to the low anti-oxidative

capacity of pancreatic β cells, chronic exposure of β cells to high concentrations of

glucose, resulting in increased glycolytic flux and subsequent production of reactive

oxygen species (ROS), such as superoxide, hydrogen peroxide (H2O2) and hydroxyl
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radicals, which plays a critical role in the dysfunction and

failure of β cells.4 Furthermore, nitric oxide, another kind

of free radicals, which is formed from L-arginine by nitric

oxide synthase (NOS), has been proposed to coordinate

the release of insulin by regulating the oscillation of the

cytoplasmic Ca2+ and the activity of nitric oxide

synthase.5,6 It has been reported that the administration

of antioxidant supplements may increase the defense capa-

city of β cells in response to oxidative stress.7 On the other

hand, the oxidative environment might be beneficial to

enhance sensitivity to insulin in some key tissues targeted

by T2DM.8,9

During the biosynthesis of insulin, protein disulfide

isomerase (PDI) and endoplasmic reticulum oxidoreductin

1 (ERO1) are the two major contributors to disulfide bond

formation in the ER, with PDI directly inserts the disulfide

bond into target polypeptide, PDI becomes reduced and

unable to catalyze further S-S insertion until reoxidized by

ERO1. By oxidizing PDI, ERO1 becomes reduced and

resumes activity when it is reoxidized by passing electrons

to molecular oxygen (O2) and generating H2O2.
10,11 It was

shown that mRNA of PDI in the diabetes-susceptible

BTBR mouse strain was approximately 20-fold more

abundant relative to the diabetes-resistant C56BL/l

strain.12 Furthermore, a reductive shift in the redox status

of diabetic rat liver microsomes had been observed with

a significant increase of reduced thiol groups in polypep-

tide chain of PDI and more oxidized disulfide bonds in

ERO1.10 Moreover, it was reported that the static oxida-

tion-reduction potential, a biomarker of oxidative stress,

was significantly higher in the patients with metabolic

syndrome and T2DM compared to the controls.13 So keep-

ing the balance of cellular redox state is very important to

sustain the normal function of pancreatic β cells and to

prevent the development of T2DM.

Gardenia jasminoides Ellis has been used as an impor-

tant traditional Chinese medicine for many years in China

and other Asian counties. Geniposide, isolated from its

fruit, has a wide scope of therapeutic activities, such as anti-

diabetic,14 anti-oxidative,15 anti–inflammatory,16 and hepa-

tic disorders.17 Our previous works revealed that geniposide

was a novel agonist for glucagon-like peptide receptor

(GLP-1R), which enhanced acute glucose-stimulated insu-

lin secretion (GSIS) in response to the stimulation of low or

moderately high concentrations of glucose, and promoted

glucose uptake and intracellular ATP levels in INS-1

cells.18–21 However, in the presence of a high concentration

of glucose, geniposide exerted a contrary role on GSIS, and

uptake and metabolism of glucose.22 Most importantly, we

further demonstrated that the role of geniposide on GSIS

was associated with its modulation on the expression of

pyruvate carboxylase, a crucial enzyme for glucose meta-

bolism in pancreatic β cells.22 But unfortunately, the mole-

cular mechanisms of action are not well understood.

Evidence is emerging to indicate that ROS derived from

glucose metabolism, in particular H2O2, servers as addi-

tional metabolic signals to elicit GSIS.8,23 Multiple studies

over the past decade also showed that H2O2 molecules

played a role in glucose-stimulating insulin secretion

(GSIS). So, we speculate that geniposide-regulating GSIS

might be involved in its role in the pro-oxidant/antioxidant

balance and the biosynthesis of insulin. Herein, we design

to investigate the role of geniposide on the production of

H2O2, the thiol–disulfide balance, the biosynthesis and

secretion of insulin, and the expression of PDI/ERO1 in

the presence of low and high concentrations of glucose in

INS-1 cells.

Materials and Methods
Cell Culture
Rat INS-1 pancreatic β cell line, purchased from CCTCC

(China Center for Type Culture Collection), was cultured

at 37°C in a humidified atmosphere containing 5% CO2.

The culture medium was RPMI medium 1640 containing

11 mM glucose and supplemented with 10% FBS, 10 mM

HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 2

mM L-glutamine, 1 mM sodium pyruvate and 50 μM
mercaptoethanol.

Pancreatic Islet Isolation and Culture
Pancreatic islets were isolated from 2 to 3-month-old rats

by the use of a collagenase inflation method.24 Generally,

the pancreas of the anesthetized rat was perfused with

a solution of collagenase type-V (1.0 mg/mL) in RPMI

1640 medium supplemented with 1% v/v penicillin/strep-

tomycin and 1% L-glutamine via the common bile duct,

the pancreas was digested for 17 mins at 37°C. Islets were

purified by centrifugation with a Histopaque 1077. Islets

were picked by hand in succession under a dissecting

microscope and were cultured overnight in RPMI 1640

supplemented with 10% v/v FBS, 10 mM HEPES, 100 U/

mL penicillin, 100 μg/mL streptomycin, 2 mM

L-glutamine,1 mM sodium pyruvate and 50 μM mercap-

toethanol in a humidified atmosphere of 5% CO2 and 95%

air at 37°C. All procedures were performed by following
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the Institutional Guidelines for Animal Care at the

Chongqing University of Technology and also approved

by the Institutional Animal Care and Use Committee at

Chongqing Science and Technology Committee.

Insulin Secretion Assay
An insulin secretion assay was performed as previously

described.19,22 Briefly, INS-1 cells or primary islets were

seeded onto 12-well plates and cultured overnight. Then,

the cells were washed once with PBS and starved for 2 hrs

in KRBB (129 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4,

1.2 mM KH2PO4, 2.5 mM CaCl2, 5 mM NaHCO3, 0.1%

BSA, 10 mM HEPES, pH 7.4). The cells were incubated

for 1 hr with or without geniposide in the fresh KRBB in

the presence of different concentrations of glucose. The

supernatants were collected to measure insulin contents

using commercial kits according to the kit’s instructions.

Determination of H2O2 Content
The content of H2O2 was determined by using

a fluorescence method reported earlier.25 Briefly, after the

cells were incubated with indicated concentrations of glu-

cose in the absence or presence of geniposide, the cells

were washed once with PBS and the cell lysates were used

to determine the content of H2O2 with the hydrogen per-

oxide fluorometric assay kit (Bio Vision, CA, USA)

according to the manufacturer’s instructions.

Determination of Thiol Group
The number of thiol groups was determined with the

classical chromogenic reagent, 5,5′-dithiobis-(2-nitroben-

zoic) acid (DTNB; also known as Ellman’s reagent), as

described by Nakano et al.26 In brief, the cells were

washed once with PBS and starved for 2 hrs in fresh

KRBB. The cells were then treated with different con-

centrations of glucose in the presence or absence of

geniposide, and the cell lysates were obtained by using

modified RIPA buffer, and samples were concentrated to

around 10 mg/mL and suspended in 800 μL of 0.1

M Tris·HCl buffer (pH 8.0) containing 8 M urea and 1

mM EDTA. Fifty microliters of 0.1 M DTNB in 50 mM

phosphate buffer (pH 7.0) was added to the solution. The

reaction mixture was kept at room temperature for 10

min, and absorption at 412 nm was determined using

a DTNB solution in 50 mM phosphate buffer as

a control. The molar concentration of the thiol group

was calculated using molar extinction coefficients of

DTNB at 412 nm.

Protein Extraction
Cells were washed once with ice-cold PBS and whole-cell

extracts were obtained by using modified RIPA buffer in

the presence of 1% protease/phosphatase inhibitor cock-

tail, and protein concentrations were determined using

BCA protein assay kit (Biyotime, Shanghai, China). All

of the protein extracts were stored at −70°C.

Western Blot Analysis
After INS-1 cells were treated with geniposide in the

presence of different concentrations of glucose and were

washed with cold PBS and lysed in an RIPA buffer.

Protein concentrations were calculated by BCA protein

assay kit (Biyotime, Shanghai, China), 20–30 μg cell

lysates were separated with a 10% SDS-PAGE gel and

transferred to polyvinylidene difluoride (PVDF) mem-

branes. After blocking, membranes were probed with an

anti-PDI (1:2000 dilution) and anti-ERO1α/β (1:3000 dilu-

tion) followed by incubation with anti-horseradish-

conjugated second antibodies (1:10,000 dilution). 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 7.5–7.6). Immunoreactivity was

detected using ECL Western blotting reagent from

Millipore Corporation (Billerica, MA, USA). Signal

bands were analyzed by Quantity One software (Bio-

Rad, Hercules, CA, USA).

Statistical Analysis
Results are presented as mean ± SD from at least three

independent experiments. Analysis of variance was carried

out using the software of Origin Lab (Northampton, MA,

USA). A one-way ANOVA followed with a post hoc

Tukey’s or Dunnett’s test was used to detect and compare

the differences among all the groups or selected groups to

control. p < 0.05 was considered statistically significant.

Results
Geniposide Regulates GSIS
To confirm the role of geniposide on glucose-stimulated

insulin secretion (GSIS), we first determined the influence

of geniposide on GSIS in primary-cultured rat islets. The

results demonstrated that similar with INS-1 cells, genipo-

side increased GSIS in the presence of low (5 mM) and

moderate (11 mM) concentrations of glucose, but in the

presence of high glucose (25 mM), geniposide decreased

the insulin content in primary rat islets (Figure 1A).
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To probe the influence of geniposide on the redox status

and its effect on GSIS, we determined the influence of

antioxidants and oxidants on geniposide regulating GSIS

in primary-cultured islets. The results showed that, in the

presence of 5 mM glucose, geniposide increased GSIS and

H2O2 potentiated the effect of geniposide on GSIS

(p < 0.05). But in the presence of 25 mM glucose, genipo-

side attenuated GSIS, and butylated hydroxytoluene (BHT),

enhanced the inhibiting effect of geniposide on GSIS

(p < 0.05) (Figure 1B). Furthermore, BHT and N-acetyl-

L-cysteine (NAC), two popular antioxidants, significantly

prevented the effect of geniposide on GSIS in the presence

of 11 mM glucose in primary-cultured islets (Figure 1C).

Meanwhile, it was noticed that different from geniposide,

antioxidant (BHT) inhibited GSIS in the presence of low

(5 mM), moderate (11 mM) and high (25 mM) glucose in
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Figure 1 Geniposide regulates insulin secretion. (A) After primary-cultured rat islets were starved for 2 hrs in fresh KRBB, the media was changed with 5, 11 or 25 mM

glucose completed media, and the cells were treated with 10 μM geniposide for 1 hr. The supernatants were collected to determine the content of insulin using commercial

ELISA kits. Data are shown as mean ± SD (n = 6), *p < 0.05, **p < 0.01 vs 5 mM glucose alone, #,$,&p < 0.05 vs 5, 11 and 25 mM glucose, respectively. (B) After primary-

cultured rat islets were starved for 2 hrs in fresh KRBB, the media was changed with 5 mM or 25 mM glucose completed media, and the cells were treated with 75 μM BHT

or 50 µM H2O2in the presence or absence of 10 μM geniposide for 1 hr. The supernatants were collected to determine the content of insulin using commercial ELISA kits.

Data are shown as mean ± SD (n=6), *p < 0.05 vs 5 mM glucose alone, &p < 0.05 vs 5 mM glucose plus 10 μM geniposide. #p < 0.05 vs 25 mM glucose alone, $p < 0.05 vs 25

mM glucose plus 10 μM geniposide. (C) After primary-cultured rat islets were starved for 2 hrs in fresh KRBB, the media was changed normal completed media (11 mM

glucose), and then the cells were treated with 75 μM BHTor 400 µM NAC (N-acetyl-cysteine) in the presence or absence of 10 μM geniposide for 1 hr. The supernatants

were collected to determine the content of insulin using commercial ELISA kits. Data are shown as mean ± SD (n = 6), **p < 0.051 vs 11 mM glucose alone, ##,&&p < 0.01 vs

10 μM geniposide alone. (D) After primary-cultured rat islets were starved for 2 hrs in fresh KRBB, the cells were treated with 75 μM BHT in the presence 5, 11 or 25 mM

glucose for 1 hr. The supernatants were collected to determine the content of insulin using commercial ELISA kits. Data are shown as mean ± SD (n = 6), *p < 0.05 vs 5 mM

glucose alone, #p < 0.05 vs 11 mM glucose alone, $p < 0.05 vs 25mM glucose alone.
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primary-cultured islets, which was independent on the con-

centrations of glucose (Figure 1D).

Geniposide Regulates the Accumulation

of intracellular H2O2

As shown in Figure 2A, when INS-1 cells were incubated

with 5, 11 and 25 mM glucose for 1 hr, the level of intra-

cellular H2O2 was increased in a dose-dependent manner,

and geniposide markedly raised the accumulation of H2O2

in the presence of low (5 mM) and moderate (11 mM)

concentrations of glucose. But, when the concentration of

glucose achieved to 25 mM, geniposide significantly atte-

nuated the level of H2O2 (p<0.01). Interestingly, BHT, one

of the popular antioxidants, showed a totally different role

on the level of H2O2 from geniposide, which considerably

decreased the levels of H2O2 in 5, 11 and 25 mM glucose-

treated INS-1 cells (Figure 2B).

Several reports indicate that the robust GSIS is accom-

panied by a significant increase in intracellular H2O2

levels and decreased the ratio of glutathione (GSH)/glu-

tathione disulfide (GSSG). And the balance between GSH

and GSSG has been considered as an important indicator

of oxidative stress and redox signaling.27,28 To explore the

influence of geniposide on the redox signals, we directly

determined the effect of geniposide on the ratio of GSH/

GSSG in the presence of low (5 mM) and high (25 mM)

glucose in INS-1 cells. As shown in Figure 2C, geniposide
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Figure 2 Effects of geniposide (A) and BHT (B) on the accumulation of H2O2. (A, B) After INS-1 cells were washed twice with KRBB, the cells were starved for 2 hrs in

fresh KRBB, and the cells were continued to incubate with 10 µM geniposide (A) or 75 µM BHT (B) in the presence of indicated concentrations of glucose for 1 hr, the

content of H2O2 in cell lysates was determined with hydrogen peroxide assay kit according to the instructions from supplier. Data are shown as mean ± SD (n =6). *p < 0.05,

**p < 0.01 vs 5 mM glucose alone; #p < 0.05, ##p < 0.01 vs 11 mM glucose alone; $$p < 0.01 vs 25 mM glucose alone. (C) The contents of total GSH and reduced GSH in cell

lysates were detected with commercial kits, and the ratio of GSH/GSSG was calculated according to the instructions from the supplier. Data are shown as mean ± SD from

four independent experiments (three well for each replicate). *p < 0.05 vs the group of 5 mM glucose alone.
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remarkably decreased the ratio of GSH/GSSG (p < 0.05)

in the presence of 5 mM glucose, but the presence of 25

mM glucose, geniposide increased the ratio of GSH/GSSG

(p = 0.06), hinting that geniposide plays a different role on

the redox signals in the presence of low and high concen-

trations of glucose in pancreatic β-cells.

Geniposide Regulates the Protein Level of

PDI
Substantial evidence suggests that matured insulin has

three S-S bonds, which is stabilized by van der Waals’

interactions and catalyzed by oxidoreductive thiol

enzymes, protein disulfide isomerase (PDI) and endoplas-

mic reticulum oxidoreductin 1 (ERO1). PDI and ERO1

proteins harness the oxidizing power of molecular oxygen

to create de novo disulfide bonds during the biosynthesis

of insulin.11,29 In the present study, to probe the molecular

mechanisms of geniposide regulating redox status to influ-

ence GSIS, we determined the effect of geniposide on the

protein level of PDI with Western blot assay. The results

indicated that, after starved for 2 hrs in KRBB, treatment

with 10 μM geniposide for 1 hr (the condition is same as

the determination of glucose-stimulated insulin secretion)

significantly enhanced the protein level of PDI in the

presence of 5 mM glucose, and geniposide remarkably

attenuated the level of PDI protein in the presence of 25

mM glucose in INS-1 cells (Figure 3A). However, if the

cells had not been starved, treatment with 10 μM genipo-

side for 1 hr had no noticeable effect on the expression of

PDI (Figure 3B), but if the treating time was extended to

24 hrs, geniposide significantly enhanced the protein level

of PDI in the presence of 5 mM glucose (Figure 3C) and

attenuated the protein level of PDI in the presence of 25

mM glucose (Figure 3D). Furthermore, we also found that,

although geniposide had no significant role to potentiate

the effect of H2O2 on PDI protein INS-1 cells (p < 0.05)

(Figure 3E), but in the presence of high glucose (25 mM),

geniposide worked as an antioxidant to decrease the pro-

tein level of PDI (p < 0.05) (Figure 3F).

Geniposide Regulates the Protein Level of

ERO1
As another oxidoreductive thiol enzyme, ERO1 plays an

essential role to reoxidize PDI and resume its catalytic capa-

city for further S-S insertion.11 At present, we also measured

the effect of geniposide on the protein level of ERO1α with

the Western blot method. After starved for 2 hrs in KRBB,

treatment with 10 μM geniposide for 1 hr (the condition is

same as the determination of glucose-stimulated insulin

secretion) significantly enhanced the protein level of

ERO1α in the presence of 5 mM glucose, and geniposide

remarkably attenuated the level of ERO1α protein in the

presence of 25 mM glucose in INS-1 cells (Figure 4A).

However, if the cells had not been starved, treatment with

10 μM geniposide for 1 hr had no noticeable effect on the

expression of ERO1α (Figure 4B), and if the treating time

was extended to 24 hrs, geniposide increased the protein

level of ERO1α in the presence of 5 mM glucose, and

treatment with 10 μM geniposide for 24 hrs increased the

protein of ERO1α about 2.1 folds in INS-1 cells (Figure 4C).
But in the presence of high glucose (25 mM), geniposide

attenuated the protein level of ERO1α, and treatment with 10

μM geniposide for 24 hrs could attenuate the protein level of

ERO1α to around 50% in INS-1 cells. Furthermore, when the

cells were incubated with 75 µMBHT in the presence of high

glucose (25 mM), geniposide could further attenuate the

protein level of ERO1α in INS-1 cells (Figure 4D). But

unfortunately, geniposide had no significant role on the pro-

tein level of ERO1β in high glucose (25 mM) cultured INS-1

cells (Figure 4E).

Geniposide Regulates the Content of the

Thiol Group
Insulin consists of two individual chains, A-chain and

B-chain, which are locked together by three disulfide

bonds. During the biosynthesis of insulin, the formation of

disulfide, which is usually derived by the coupling of two

thiol groups (SH), is the key step.30 To investigate the effect

of geniposide on the formation of disulfide bond, we mea-

sured the content of thiol in the geniposide-treated INS-1

cells. As shown in Figure 5, geniposide significantly

decreased the content of thiol in the presence of low glucose

(5 mM), as well as the presence of 50 µM H2O2, hinted that

treatment with geniposide might be beneficial to the forma-

tion of disulfide in the presence of 5 mM glucose in INS-1

cells. But, in the presence of high glucose (25 mM), genipo-

side increased the content of thiol, as well as the presence of

75 µMBHT, in INS-1 cells, suggesting that geniposide might

attenuate the formation of disulfide in the presence of high

concentrations of glucose.

Discussion
In this study, we identified that in addition to regulating

insulin secretion, geniposide played a contrary role on the
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production of H2O2 in the presence of low (5 mM) and high

(25 mM) concentrations of glucose, which was different

from the role of antioxidants on GSIS and the production of

H2O2 both in INS-1 cells and primary-cultured islets.

Exogenous antioxidants, such as BHT, decreased the level of

H2O2 and attenuated GSIS distinctively, which was indepen-

dent of the concentrations of glucose. Geniposide, however,

increased the level of H2O2 and accelerated GSIS in the

presence of low concentration of glucose (5 mM), and in

the presence of a high concentration of glucose (25 mM),
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Figure 3 Geniposide regulates the protein level of PDI. (A) After INS-1 cells were starved for 2 hrs and then treated with 10 μM geniposide for 1 hr in the presence of 5 or

25 mM glucose the protein level of PDI was determined by Western blot. Data are shown as mean ± SD from three independent experiments. **,##p < 0.01 vs the group of

5 mM glucose alone, &&p < 0.01 vs the group of 25 mM glucose alone. (B) After INS-1 cells were incubated with 10 μM geniposide for 1 hr without starvation in the

presence of 5 or 25 mM glucose. ##p < 0.01 vs the group of 5 mM glucose alone. (C) After INS-1 cells were incubated with 10 μM geniposide for 24 hrs without starvation in

the presence of 5 mM glucose. *p < 0.05, **p < 0.01 vs control (0 hr). (D) After INS-1 cells were treated with 10 μM geniposide for 24 hrs without starvation, the effects of

geniposide on the protein levels of PDI in the presence of 25 mM glucose were determined with Western blot. **p < 0.01 vs control (0 hr). (E) After the cells were

incubated with 10 μM geniposide and/or 50 μM H2O2 in the presence of 5 mM glucose for 24 hrs, the PDI protein was detected by Western blot, data are shown as mean ±

SD (n = 3). **p < 0.01 vs 5 mM glucose alone; (F) After the cells were incubated with 10 μM geniposide and/or 75 μM BHT in the presence of 25 mM glucose for 24 hrs, the

PDI protein was detected by Western blot, data are shown as mean ± SD (n = 3). **p < 0.01 vs 25 mM glucose alone, #p < 0.05 vs 25 mM glucose plus 75 μM BHT.
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Figure 4 Geniposide regulates the protein level of ERO1. (A) After INS-1 cells were starved for 2 hrs and then treated with 10 μM geniposide for 1 hr in the

presence of 5 or 25 mM glucose the protein level of ERO1α was determined by Western blot. Data are shown as mean ± SD from three independent experiments.

**,##p < 0.01 vs the group of 5 mM glucose alone, &&p < 0.01 vs the group of 25 mM glucose alone. (B) After INS-1 cells were incubated with 10 μM geniposide

without starvation in the presence of 5 or 25 mM glucose. ##p < 0.01 vs the group of 5 mM glucose alone. (C) After INS-1 cells were incubated with 10 μM
geniposide and/or 50 μM H2O2 in the presence of 5 mM glucose for 24 hrs, the ERO1α protein was detected by Western blot. Data are shown as mean ± SD (n = 3).

**p < 0.01 vs 5 mM glucose alone; (D) After INS-1 cells were incubated with 10 μM geniposide and/or 75 μM BHT in the presence of 25 mM glucose for 24 hrs, the

ERO1α proteins were detected by Western blot. Data are shown as mean ± SD (n = 3). **p < 0.01 vs 25 mM glucose alone, #p < 0.05 vs 25 mM glucose plus 75 μM
BHT. (E) After INS-1 cells were incubated with 10 μM geniposide in the presence of 25 mM glucose for 24 hrs, the ERO1β proteins were detected by Western blot.

Data are shown as mean ± SD (n = 3).
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geniposide suppressed GSIS and decreased the production of

H2O2 in INS-1 cells. All these data suggest that geniposide-

regulating GSIS might be associated with its role on the

redox balance in pancreatic β cells.

Mounting evidence shows that ERO1 (including the two

isoforms, α and β) plays a critical role in promoting the

oxidative folding of proinsulin in the endoplasmic reticulum.

ERO1 couples disulfide transfer to PDI with reduction of

molecular oxygen, in turn, PDI can shuttle disulfide bonds to

substrate to catalyze the folding of the newly synthesized

secretory protein, such as proinsulin.31 Moreover, ERO1 is

the best-known source of disulfide bonds in the ER lumen,

and ERO1 deficiency impairs proinsulin maturation.32,33 To

further investigate the molecular mechanisms of geniposide-

regulating GSIS and the level of H2O2, we determined the

effect of geniposide on the expression of PDI and ERO1,

which were the two key oxidoreductive thiol enzymes for the

formation of S-S bond and the production of H2O2. The

results indicated that geniposide inhibited the expression of

PDI and ERO1 in the presence of high glucose (25 mM), but

significantly increased the protein level of PDI and ERO1 in

the presence of low glucose (5 mM) in INS-1 cells. We also

observed that the role of oxidant (H2O2) and anti-oxidant

(BHT) on the protein levels of ERO-1 and PDI was different

from geniposide. Although the reasons and relative mechan-

isms about those need to be further clarified, a couple of

references demonstrated that the ERO1-PDI pathway for

disulfide bond formation was sensitive to the redox state of

the endoplasmic reticulum (ER) and may recruit different

regulators during the redox cycle, and ERO-1α-PDI dimer

was lost under oxidizing conditions when there is less need

for de novo disulfide bond formation.31 Moreover, PDI did

not facilitate oxidative folding of proinsulin in the ER of

pancreatic β cells and had been implicated in retro-

translocation of certain ER-associated degradation (ERAD)

substrates.34

Substantial evidence suggested glutathione was

a fundamental function in cellular redox homeostasis,35,36

and cytosol derived reduced glutathione (GSH) could enter

endoplasmic reticulum (ER), which did not only as an indi-

cator of oxidative stress but also played an essential role on the

rearrangement of aberrant disulfide bonds.37 Additionally,

reactive oxygen species (ROS) plays an essential role in

GSIS, and induction of endogenous antioxidative enzymes

in β cells abrogates ROS signaling and reduces GSIS.23

Intriguingly, one of the unique features of pancreatic β cells

is their relatively low expression and activity of antioxidative

defense enzymes, such as superoxide dismutase (SOD), cata-

lase, and glutathione peroxide (GPx), which renders β cell

susceptible to oxidative damage but provides a system sensi-

tive to ROS signaling.4 So, the balance between ROS signal-

ing and antioxidant defense can be implicated in the

dysfunction and failure of β cells. At present, our data indi-

cated that geniposide played a contrary role on the ratio of

GSH/GSSG, thiol–disulfide balance and the biosynthesis and

release of insulin in the presence of low glucose (5 mM) and

high glucose (25 mM) in INS-1 cells, suggesting that genipo-

side might be useful to keep the balance of redox status in

pancreatic β-cells.
Mounting evidence shows that there is a delicate balance

between oxidants and antioxidants in health, the proper

balance of which is essential for the functions and survival

of cells.23 When challenged by the high concentration of

glucose, pancreatic β cells need to secrete more insulin to

compensate for glucose intolerance. But during the process

of GSIS, the oxidative phosphorylation of glucose, which is

accompanied by the production of ROS, is necessary for

increasing the ratio of ATP/ADP in pancreatic β-cells.8 It is
increasingly understood that continuous exposure to high

levels of glucose gradually leads to the diminution or com-

plete loss of functions and even induce pancreatic β cells

death.23 At present, geniposide was found to decrease the

level of H2O2 in the presence of a high concentration of

glucose, and thus might be beneficial for keeping the normal

Figure 5 Geniposide regulates the content of thiol group in INS-1 cells. After INS-

1 cells were washed twice with KRBB, the cells were starved for 2 hrs in fresh

KRBB. And then, the cells were incubated with 10 µM geniposide together with

75 μM BHT (in the presence of 5 mM glucose) or 50 μM H2O2 (in the presence of

25 mM glucose) for 1 hr, the content of thiol was measured with DTNB assay. Data

are expressed as mean ± SD (n= 6). *p < 0.05, **p < 0.01 vs 5 mM glucose alone;
#p < 0.05 vs 5 mM glucose plus 50 μM H2O2;

&p < 0.05, &&p < 0.01 vs 25 mM

glucose alone, and $p < 0.05 vs 25 mM glucose plus 75 µM BHT.
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functions of pancreatic β cells. Together with decreasing

GSIS in an acute stimulation of a high concentration of

glucose, geniposide also significantly improved the impair-

ment of insulin secretion induced by a chronic high concen-

tration of glucose in INS-1 cells.18,21,38 So, geniposide might

be a promising β cell protectant to prevent pancreatic β cells

from exhaustion and injury resulted from over insulin secre-

tion under high glucose burden.

Together with the effects of geniposide on the produc-

tion of H2O2, the ratio of GSH/GSSG, the balance of thiol-

disulfide, and the expression of PDI/ERO1, it should be

reasonable to conclude that geniposide regulating GSIS is

associated with its role on the biosynthesis of insulin. And

the possible way of geniposide balancing the redox of

pancreaticβ cells is summarized in Figure 6.
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