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Introduction

Type 2 diabetes mellitus (T2DM) is a growing public health 
issue, which was characterized by peripheral insulin resist-
ance and progressive impairment of insulin secretion in 
pancreatic β-cells [1]. Usually, glucose-stimulated insulin 
secretion (GSIS) in pancreatic β-cells is beautifully regu-
lated such that the precise amount of insulin is delivered to 
the bloodstream to regulate whole-body glucose metabo-
lism [2, 3]. On the other hand, when insulin secretion from 
pancreatic β-cells can no longer keep up with the demand, 
blood glucose concentrations rise and diabetes ensues [4]. 
Elevated glucose levels have detrimental effects on vari-
ous tissues including the pancreatic β-cells, which lead to 
dysfunction of β-cells, impairment of insulin gene expres-
sion, and even irreversible β-cell loss by apoptosis. Pro-
posed mechanisms to explain the glucotoxicity on pancre-
atic β-cells include (but are not limited to) the generation of 
reoxidative stress, the production of inflammatory factors, 
and the induction of endoplasmic reticulum stress [5, 6]. All 
of these damaging pathways are relative to the dysfunction 
of pancreatic β-cells. However, the exact molecular mecha-
nisms by which glucotoxicity lead to the dysfunction and 
failure of β-cells are still not fully understood, and there are 
no efficient strategies to cope with it.

It has been proposed that thioredoxin-interacting pro-
tein (Txnip), as a highly glucose-regulated proapop-
totic factor, played a critical role on the dysfunction and 
apoptosis induced by high concentration of glucose in 
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pancreatic β-cells [7, 8]. An impressive number of evi-
dence indicated that Txnip participated in regulation 
of the redox state of a cell by interacting and inhibit-
ing thioredoxin, which had been identified as one of the 
most dramatically inducible genes at glucose effects on 
isolated human pancreatic islets [9–11]. In addition, glu-
cose-stimulated Txnip expression, which does not require 
glucose metabolism or new protein synthesis, is regu-
lated by a carbohydrate response element that consists of 
two E-box elements in the human Txnip promoter [12]. 
Furthermore, it has been reported that exendin-4, a long-
term effective glucagon-like peptide 1 (GLP-1) receptor 
agonist, 8-bromo-cAMP, and the cAMP promoting agent 
forskolin attenuated the effect of high glucose on the pro-
tein level of Txnip via stimulating proteasome-dependent 
Txnip degradation in INS-1 cells, and protected INS-1 
cells from high glucose-induced apoptosis [13]. All these 
studies suggest that regulation of proteasome-dependent 
Txnip degradation may be a novel strategy to prevent the 
glucotoxicity in pancreatic β-cells.

Our previous work showed that geniposide, isolated 
from the fruit of Gardenia jasminoides Ellis, was a novel 
agonist for GLP-1 receptor, which regulated GSIS with the 
activation of GLP-1R in INS-1 cells [14, 15], and induced 
the release cAMP in PC12 cells [16]. But the molecular 
mechanisms of geniposide-regulated GSIS and the effects 
of geniposide on the influence of Txnip protein level 
remain largely unknown. At present, we therefore aim to 
analyze the role of geniposide in the protein degradation of 
Txnip and determine the impact of Txnip on geniposide-
regulated GSIS in pancreatic INS-1 cells.

Materials and methods

Reagent

MG132, leupeptin, and cycloheximide (CHX) were 
obtained from Sigma (St. Louis, MO, USA), Txnip siRNA 
was obtained from Santa Cruz Biotechnology Inc. (Texas, 
CA, USA). Specific antibodies for Txnip were bought 
from Cell Signaling Technology (Danvers, MA, USA) and 
horseradish peroxidase (HRP)-labeled GAPDH antibody 
was bought from KangChen Bio-Tech Inc. (Shanghai, 
China).

Cell culture

Rat INS-1 pancreatic β-cell line, purchased from the 
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. The culture medium was replaced every 
second day, and cells were passaged once a week following 
trypsinization.

Insulin secretion assay

Insulin content was measured as described before [14, 15]. 
Briefly, INS-1 cells were seeded onto 12-well plates and 
cultured for 24 h. Then, the cells were washed two times 
with Krebs-Ringer bicarbonate buffer (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 and starved for 2 h in KRBB. The cells 
were incubated for 1 h in fresh KRBB containing 10 μM 
geniposide with or without 10 μM MG132 in the pres-
ence of 25 mM glucose. The supernatants were collected 
to measure insulin concentration using rat/mouse insulin 
ELISA kits (Linco Research, Inc., St Charles, MO, USA) 
according to the kit’s instructions.

Glucose uptake and metabolism

To determine the effect of geniposide and/or MG132 on the 
uptake and metabolism of glucose, INS-1 cells were placed 
into 6-well plates. After overnight incubation, the cells 
were washed two times with KRBB and starved for 2 h in 
fresh KRBB in the presence or absence of 10 μM genipo-
side. The buffer was then replaced with KRBB contain-
ing 25 mM glucose with or without 10 μM MG132. After 
60 min of incubation, the buffer was collected to determine 
the content of glucose using a glucose assay kit according 
to the protocol supplied by the manufacturer (Biovison, 
Mountain, CA, USA), which was used to calculate glucose 
uptake as reported before. The cell lysates were used to 
determine the content of ATP using ATP bioluminescence 
assay kits according to the instruction from the supplier 
(Roche, Mannheim, Germany).

Small interfering RNA (siRNA) on Txnip

The experimental procedure of RNA interference on Txnip 
was performed as described before [17]. Generally, before 
transient transfection, INS-1 cells were placed into 6-well 
plates and continued to incubate overnight. The cells were 
transfected with Txnip siRNA via Lipofectamine 2000 
Transfection Reagent according to the suggestions from the 
supplier (Invitrogen, Carlsbad, CA, USA) and continued 
to culture for 24 h. Interfering efficiency was checked by 
Western blot.
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Preparation of cell lysates

After the cells were washed three times with ice-cold PBS, 
whole cell extracts were obtained by using modified RIPA 
buffer (Beyotime, Shanghai, China) in the presence of 1% 
protease/phosphatase inhibitor cocktail (Calbiochem, La 
Jolla, CA, USA). Protein concentrations were determined 
by a BCA protein assay kit (Beyotime, Shanghai, China), 
and all of the protein extracts were stored at −70 °C.

Western blot analysis

10–20 μg of whole cell lysates was separated with 10% SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF) 
membranes. After blocking, membranes were probed with an 
anti-Txnip (1:2000–3000, Cell signaling Technology, MA, 
USA) followed by incubation with anti-horseradish-conju-
gated secondary antibodies. 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). Immunoreactive proteins were detected by chemilumi-
nescence using the ECL reagent (Amersham Pharmacia, Pis-
cataway, NJ, USA), and immunoblot signals were analyzed 
by densitometry scanning with the software of Quantity One 
(Bio-Rad, Hercules, CA, USA).

Statistical analysis

Data are shown as mean ± SD from three independent 
experiments. Analysis of variance was carried out using the 
software of Origin Lab. A one-way ANOVA followed by 
Tukey’s or Dunnett’s tests was used to compare all groups 
or selected group to control. And p < 0.05 was regarded as 
statistically significant.

Results

Geniposide reduces the protein level of Txnip in high 
glucose‑treated INS‑1 cells

As shown in Fig. 1a, treatment with high glucose (25 mM) 
induced a rapid increase of Txnip protein in a time-depend-
ent manner. Compared to the control, incubation with 
25 mM glucose for 24 h increased the protein level of Txnip 
about threefold in INS-1 cells. To determine the effect of 
geniposide on Txnip protein, rat pancreatic INS-1 cells were 
addressed with indicated time points in the presence of high 
concentration of glucose (25 mM). The results showed that 
geniposide induced a significant decrease of Txnip pro-
tein (Fig. 1b), and treatment with 10 µM geniposide for 
8 h could attenuate the protein level of Txnip about 70% 
(p < 0.01) in the presence of 25 mM glucose in INS-1 cells.

Possible pathways of geniposide‑regulating Txnip 
degradation

It has been noted that activation of GLP-1 receptor could 
accelerate the degradation of Txnip protein through pro-
teasome-dependent pathway [13], and our previous works 
demonstrated that geniposide could induce the release 
of cAMP with the activation of GLP-1 receptor [16]. To 
explore the mechanisms of geniposide attenuating the pro-
tein level of Txnip and probe the associated pathways, we 
detected the influence of MG132 (a proteasomal inhibi-
tor) and leupeptin (a lysosomal inhibitor) on geniposide-
regulating degradation of Txnip protein, data shown that 

Fig. 1  Geniposide reduces Txnip level induced by high glucose in 
INS-1 cells. a After INS-1 cells were incubated with 25 mM glucose 
for 0, 1, 2, 4, 8, and 24 h, the whole cell lysates were used to deter-
mine the protein level of Txnip by Western blot. Data are shown as 
mean ± SD from at least three independent experiments. *p < 0.05, 
**p < 0.01 versus control (treating time was 0 min). b After INS-1 
cells were incubated with 10 µM geniposide for 0, 2, 4, 8, 12, and 
24 h in the presence of 25 mM glucose, the whole cell lysates were 
used to determine the protein level of Txnip by Western blot. Data are 
shown as mean ± SD from at least three independent experiments. 
**p < 0.01 versus control (treating time was 0 min)
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pre-incubation with 10 µM MG132 could distinctively 
prevent geniposide-inducing degradation of Txnip protein 
(p < 0.01), but leupeptin had no significant role on the deg-
radation of Txnip-induced geniposide in the presence of 
25 mM glucose in INS-1 cells (Fig. 2a).

To make sure that the effect of geniposide on Txnip 
protein was through the pathway of proteasome-depend-
ent degradation, we use cycloheximide (CHX) to inhibit 
the protein synthesis of Txnip and then determine the 
influence of geniposide on the protein level of Txnip in 
25 mM glucose-treated INS-1 cells. As shown in Fig. 2b, 
CHX, a general protein synthesis inhibitor, effectively 
decreased Txnip protein expression content (p < 0.01), 

and in the presence of CHX, geniposide also substan-
tially reduced the protein level of Txnip in high glucose 
(25 mM)-treated INS-1 cells (p < 0.05). All these data 
suggested that geniposide reducing protein level of Txnip 
induced by high glucose was highly associated with the 
degradation through the proteasome-dependent pathway 
in INS-1 cells.

Effects of MG132 on glucose uptake, metabolism, 
and GSIS

Our previous works showed that geniposide attenuated the 
release of insulin in the presence of elevated glucose [14, 
18]. To explore the role of Txnip on geniposide-regulating 
GSIS, we determined the influence of MG132 on GSIS in 
high glucose (25 mM)-treated INS-1 cells, and the results 
indicated that geniposide significantly decreased the release 
of insulin (p < 0.05) and MG132 obviously increased the 
content of insulin in media (p < 0.01) in the presence of 
25 mM glucose. Moreover, incubation with 10 µM MG132 
noticeably prevented the inhibition of geniposide on GSIS 
in INS-1 cells (p < 0.01; Fig. 3a).

To further illuminate the effects of MG132 on geni-
poside-regulating GSIS, we determined the influence of 
MG132 on glucose uptake and metabolism, and the results 
demonstrated that MG132 prominently attenuated the role 
of geniposide on the uptake and metabolism of glucose in 
high glucose-treated INS-1 cells (Fig. 3b, c).

Effects of Txnip siRNA on geniposide‑regulating 
glucose uptake, metabolism, and GSIS

To further clarify the role of Txnip on geniposide-regu-
lating GSIS, we used siRNA to knock down the expres-
sion of Txnip and determine the effects of geniposide on 
GSIS, glucose uptake, and metabolism. To knock down the 
expression of Txnip protein, INS-1 cells were incubated 
with 0, 10, 30, and 50 nM Txnip siRNA for 24 h. Data 
indicated that treatment with 30 nM Txnip siRNA for 24 h 
decreased the protein level of Txnip over 70% (Fig. 4a).

We continued to determine the influence of Txnip 
knockdown on glucose uptake, metabolism, and GSIS in 
geniposide-treated INS-1 cells. The results demonstrated 
that in the presence of high glucose (25 mM), both Txnip 
siRNA and geniposide significantly attenuated the release 
of insulin (p < 0.05; Fig. 4b), glucose uptake (p < 0.05; 
Fig. 4c), and ATP production (p < 0.05; Fig. 4d). Further-
more, the combination of geniposide and Txnip siRNA 
treatment showed substantial synergistic effects on GSIS 
(Fig. 4b), glucose uptake (Fig. 4c), and glucose metabolism 
(Fig. 4d).

Fig. 2  The possible pathway of geniposide-inducing Txnip degrada-
tion. a After the cells were pre-incubated with 10 µM MG132 or 1 µg/
mL leupeptin for 30 min, 10 µM geniposide was added and contin-
ued to incubate for 8 h, and whole cell lysates were used to determine 
Txnip content by Western blot. Data are shown as mean ± SD from 
at least three independent experiments.*p < 0.05, **p < 0.01 versus 
control; #p < 0.05 versus the group of geniposide alone; &p < 0.01 
versus the group of MG132 alone. b After INS-1 cells were incu-
bated with 300 µM CHX with or without 10 µM geniposide for 4 h, 
whole cell lysates were used to determine Txnip content by Western 
blot. Data are shown as mean ± SD from at least three independent 
experiments.**p < 0.01 versus control; ##p < 0.05 versus the group 
of CHX alone
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Discussion

In pancreatic β-cells, chronic exposure to high glucose is 
expected to increase the production of reactive oxygen spe-
cies (ROS), such as superoxide anion (O2

−) and H2O2, 
through the pathways of oxidative phosphorylation, glucose 
auto-oxidation, the Schiff reaction during glycation, and hex-
osamine metabolism [19]. For many years, ROS has been 
exclusive thought of as the unfortunate by products of res-
piratory energy production in mitochondria and believed to 
be deleterious to biological systems [20, 21]. Thioredoxin 
(Trx) is emerging as an important antioxidant in the β-cell 
defense against oxidative stress, which interacts with thiore-
doxin reductase and thioredoxin peroxidase to reduce oxi-
dized proteins and scavenge free radicals. However, the role 
of Trx in pancreatic β-cells was inhibited by thioredoxin-
interacting protein (Txnip), also known as vitamin D3 upreg-
ulated protein-1 (VDUP-1) and thioredoxin binding protein 
(TBP-2), by binding to its redox active cysteine residue [22]. 
An impressive number of evidence suggested that Txnip was 
robustly induced by glucose in islets and β-cell lines, and 
thereby could modulate the cellular redox homeostasis and 
promote oxidative stress [12]. In addition, overexpression of 
Txnip has been shown to render fibroblasts and cardiomyo-
cytes more susceptible to apoptosis [23, 24]. Strikingly, islets 
derived from Txnip-deficient mice are fully protected from 
glucose-induced β-cell apoptosis [25]. In the present study, 
we observed that geniposide significantly decreased the level 
of Txnip protein in high glucose-treated INS-1 cells. We fur-
ther identified that geniposide decreasing the protein level of 
Txnip induced by high concentration of glucose was involved 
in its role on the proteasome degradation, but not through the 
lysosomal pathway, because pre-incubation with MG132, a 
proteasomal inhibitor, prevented the effect of geniposide on 

the level of Txnip protein, but leupeptin, an inhibitor of lyso-
somal pathway, had no significant effect on that.

Fig. 3  Effects of MG132 on geniposide-regulating glucose uptake, 
metabolism, and GSIS. a After INS-1 cells were replaced into 6-well 
plates and continued to incubate overnight, the cells were washed 
two times with KRBB and starved for 2 h in KRBB. After that, the 
medium was changed with fresh KRBB, and 10 µM geniposide 
(Gen) and/or 10 µM MG132 were added and continued to incubate 
for 1 h, and the supernatant was collected to determine the content 
of insulin using commercial ELISA kits according to the instructions 
from supplier. Data are expressed as mean ± SD (n = 3, two well 
for each replicate). *p < 0.05, ** p < 0.01 versus control, #p < 0.01 
versus the group of geniposide alone. b The supernatant from same 
treatment was used to determine the concentrations of glucose using 
a glucose assay kit according to protocol supplied by the manufac-
turer. Data are expressed as mean ± SD (n = 3, two wells for each 
replicate). *p < 0.05, &p < 0.05 versus control, #p < 0.05 versus the 
group of geniposide alone. c The whole cell lysates from the same 
treatment were used to determine the content of ATP using ATP bio-
luminescence assay kits according to the manufacturer’s instructions. 
Data are expressed as mean ± SD (n = 6). **p < 0.01 versus control,  
#p < 0.05 versus the group of geniposide alone

▸
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Metabolically, Txnip knockout animals exhibit pheno-
types of familial combined hyperlipidemia that are con-
sistent with enhanced glucose uptake [26, 27]. Given that 
glucose availability affects reactive oxygen species pro-
duction in mitochondria, the diverse effects of Txnip on 
thioredoxin functions and on glucose uptake suggest a uni-
fying mechanism for maintaining homeostasis. Our previ-
ous works indicated that, together with attenuating GSIS, 
geniposide also affected the uptake and metabolism of glu-
cose, and the dynamic equilibrium of energy metabolism 
through regulating the expression of pyruvate carboxylase, 
a key enzyme in the metabolism of glucose in the presence 

of high concentration of glucose in pancreatic INS-1 cells 
[15]. Here, we confirmed that, accompanied with its inhi-
bition on glucose uptake, metabolism (ATP production), 
and GSIS, geniposide also accelerated the degradation of 
Txnip via the proteasome pathway. MG132, a proteaso-
mal inhibitor, reversed these effects induced by geniposide 
in the presence of high concentration of glucose (25 mM) 
in INS-1 cells, and geniposide could reverse these effects 
obviously, suggesting that geniposide-inducing proteasome 
degradation of Txnip might be helpful to maintain glu-
cose homeostasis and decrease glucotoxicity in pancreatic 
β-cells.

Fig. 4  Txnip siRNA prevents the effects of geniposide on GSIS (B), 
glucose uptake (C), and ATP production (D) in the presence of high 
(25 mM) glucose in INS-1 cells. a After INS-1 cells were treated with 
0, 10, 30, or 50 nM Txnip siRNA for 24 h, the interfering efficiency 
was determined by Western blot. Data are shown as mean ± SD from 
at least three independent experiments. *p < 0.05, **p < 0.01 ver-
sus control. To explore the influence of Txnip siRNA (si txnip) on 
geniposide-regulating GSIS, glucose uptake, and metabolism, the 
cells were pre-treated with 30 nM Txnip siRNA for 24 h, and then, 
the cells were washed two times with KRBB and starved for 2 h in 

KRBB. After that, the medium was changed with fresh KRBB, and 
10 µM geniposide (Gen) and indicated concentrations of glucose 
were added and continued to incubate for 1 h, and the supernatant 
was collected to determine the concentrations of insulin and glucose 
using the commercial kits according to protocol supplied by the man-
ufacturer. And the cell lysates were used to determine the content of 
ATP using ATP bioluminescence assay kits according to the manu-
facturer’s instructions. Data are expressed as mean ± SD (n = 6). 
*p < 0.05, **p < 0.01 versus control,  #p < 0.05 versus the group of 
geniposide alone
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On the other hand, independent of its thioredoxin-bind-
ing property, overexpression of Txnip repressed cellular 
glucose uptake, whereas Txnip knockdown increases glu-
cose uptake in peripheral tissues in both an insulin-depend-
ent and an insulin-independent manner [28]. Here, we 
showed that Txnip knockdown decreased glucose uptake, 
ATP production, and GSIS in the presence of high glu-
cose (25 mM) in rat pancreatic INS-1 cells, and geniposide 
significantly potentiated these effects, hinted that Txnip 
was highly correlated with GSIS. An impressive amount 
of studies have revealed that a causative role of Txnip in 
apoptotic cell death of pancreatic β-cell provides a mecha-
nistic link between glucotoxicity and pancreatic apoptosis 
[7, 29, 30]. Furthermore, Txnip also plays a role in glucose 
and lipid metabolism in insulin sensitive tissue [26, 28]. 
These, along with the role of Txnip on insulin secretion and 
peripheral insulin sensitivity, make it an important pharma-
ceutical target to delay the progression of T2DM.

As discussed above, Txnip protein played an essential 
role on glucose uptake, metabolism, and GSIS, and geni-
poside could accelerate the degradation via proteasome 
pathway in high glucose-treated pancreatic INS-1 cells. 
Although the mechanisms and importance about those 
need to be further clarified, for the potential role of Txnip 
in redox-related cellular functions and pathophysiological 
processes, geniposide might be a promising compound to 
halt pancreatic β-cell apoptosis induced by hyperglycemia 
and the development of T2DM and its complications.
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