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a b s t r a c t
Uncoupling protein 2 (UCP2) was reported to be involved in insulin–glucose homeostasis, based on well
established event that inhibition of UCP2 stimulates insulin secretion in pancreatic b-cells. However, the
role of UCP2 on insulin-stimulated glucose uptake in adipose tissue, which is an indispensable process in
insulin–glucose homeostasis, remains unknown. In this study, UCP2 was inhibited by genipin in 3T3-L1
adipocytes, which increased mitochondrial membrane potential, intracellular ATP level and production of
reactive oxygen species (ROS). Importantly, insulin-stimulated glucose uptake in 3T3-L1 adipocytes was
largely impaired in the presence of genipin, and recovered by CCCP, a mitochondrial uncoupler. Furthermore, genipin leaded to suppression of insulin signal transduction through hyperactivation of c-Jun
N-terminal kinase (JNK) and subsequent serine phosphorylation of insulin receptor substrate-1 (IRS-1).
These results suggest that mitochondrial uncoupling in adipocytes positively regulates insulin-stimulated glucose uptake in adipocytes, and UCP2 may play an important role in insulin resistance.
Ó 2009 Elsevier Inc. All rights reserved.

Plasma glucose is tightly controlled by insulin–glucose homeostasis. Elevated plasma glucose induces insulin secretion from pancreatic b-cells, which can stimulate glucose uptake into skeletal
muscle and adipose tissue, and decrease glucose production in
liver [1]. Reduced ability of insulin to regulate glucose homeostasis
in these tissues (skeletal muscle, adipose tissue and liver) causes
insulin resistance, which is believed to be an early feature of type
2 diabetes [2,3]. However, the mechanism responsible for insulin
resistance is largely unknown.
Uncoupling proteins (UCPs)1 belong to a large family of mitochondrial anion carrier proteins. Three homologs, UCP1, UCP2
and UCP3 have been identiﬁed in various tissues [4]. It has been
well documented that UCPs function to mediate proton leak across
the mitochondrial inner membrane so that the inner membrane
potential generated from respiration chain is dissipated rather
than producing ATP [4–8].
UCP2 is widely expressed, mainly in pancreas, immune system,
white adipose tissue, and the brain [9]. Unlike UCP1, which is restricted to expression in brown adipose tissue and plays an important role in thermogenesis [10,11], the physiological roles of UCP2
is still unclear. Overexpression of UCP2 shows protection potential

from oxidative damage by modulating mitochondrial reactive oxygen species (ROS) production [12,13]. Recently, UCPs were also
reported to be involved in the control of insulin–glucose homeostasis [14–21]. In the regulation of insulin–glucose homeostasis,
UCP2 was identiﬁed as a negative regulator of insulin release from
studies in pancreatic b-cells from UCP2-null mice [14,20,21]. However, whether UCP2 regulates insulin-stimulated glucose uptake
into white adipose tissue has not been studied.
Genipin was discovered to be an effective inhibitor of UCP2, and
used successfully for the functional studies of UCP2 in pancreatic
b-cells [21] and neurons [19]. In this study, by inhibiting UCP2 with
genipin, the effect of UCP2 on insulin-stimulated glucose uptake in
3T3-L1 adipocytes was investigated. Our results show that inhibiting UCP2 decreases insulin-stimulated glucose uptake in 3T3-L1
adipocytes. Moreover, inhibiting UCP2 induces increases in mitochondrial potential and ATP production, and enhances the production of ROS, which may be associated with insulin resistance in
adipocytes.
Materials and methods
Materials
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Genipin was purchased from WaKo Pure Chemical Industries.
Antiserum to phospho-Ser473 of Protein kinase B (PKB/Akt) obtained from Signalway Antibody Co., Ltd. (SAB). Other antiserum
and antibodies were purchased from Cell Signaling. 2-deoxy-D[1,2-3H] glucose ([3H]-2-DG) was purchased from PerkinElmer.
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Dulbecco’s modiﬁed Eagle’s medium (DMEM), newborn calf serum
(NCS), fetal bovine serum (FBS) and other cell culture products
were from Gibco-BRL. Plasmid pcDNA3.1 and lipofectamine 2000
were obtained from invitrogen. Other chemicals were from Sigma.
Cell culture and transfection
HEK293 cells were cultured in high-glucose DMEM supplemented with 10% (v/v) fetal bovine serum. UCP2 cDNA was subcloned into the EcoRI/XhoI digested vector pcDNA3 to construct
vector pcDNA-UCP2. Vectors (pcDNA-empty and pcDNA-UCP2)
were transfected into HEK293 by lipofectamine 2000 to build
empty cells and UCP2-transfected cells, respectively.
3T3-L1 ﬁbroblasts obtained from Dr. Tao Xu (Beijing, China)
were grown and differentiated into 3T3-L1 adipocytes as described
[22]. Brieﬂy, 3T3-L1 cells were cultured in high-glucose DMEM
supplemented with 10% (v/v) newborn calf serum at 37 °C and
5% CO2. One day after conﬂuence, cells were switched into
differentiation medium containing 10% (v/v) fetal bovine serum,
1 lM bovine insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and
0.25 lM dexamethasone. Two days later, the medium was changed
to 10% (v/v) fetal bovine serum and 1 lM bovine insulin for
another 2 days. Cells were then maintained in DMEM with 10%
(v/v) fetal bovine serum. For experiments, cells were used on
9–10 days post-differentiation, at which time more than 90% of
the cells exhibited the fatty phenotype as judged by phase-contrast
microscopy.
Measurement of glucose transport activity
3T3-L1 adipocytes were starved in serum-free DMEM containing 5 mM glucose for 2 h, then cells were washed and placed in
KRBH buffer (25 mM Hepes, 120 mM NaCl, 4.6 mM KCl, 1.9 mM
CaCl2, 1 mM MgSO4, 1.2 mM KH2PO4, pH 7.4). After pre-incubated
with genipin of various concentrations for 20 min, cells were
incubated with or without 100 nM insulin for 20 min at 37 °C.
Next, 2-DG (0.1 mM, 0.5 lCi) was added and incubation continued
for 5 min at 37 °C, and cells were washed in ice-cold KRBH buffer
and lysed in 10% (w/v) Triton X-100. Aliquots were measured for
radioactivity by liquid scintillation and luminescence counter
(PerkinElmer), and protein content was measured by the BCA
method.
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was recorded for 30 s by photon counting luminometer. Relative
ATP level was normalized by protein concentration determined
by the BCA method.
Determination of ROS production
Mitochondrial ROS generation was assessed by using dihydrorhodamine 123 (DHR123), which was mitochondrial target probe
[24]. Cells were pre-incubation in KRBH buffer containing 5 mM
glucose for 20 min, and then treated with or without genipin for
20 min. Then cells were loaded with 5 lM DHR123 for 30 min.
After washed with PBS, cells were scraped and disrupted on ice.
Fluorescence (excitation 500 nm, emission 535 nm) was then measured immediately. In addition, intracellular ROS was determined
by 10 lM DCFH-DA (excitation 495 nm, emission 525 nm) [25] as
described above. Protein content was measured by the BCA method. The intensity of ﬂuorescence was expressed as arbitrary units
per mg protein.
Western blotting
3T3-L1 adipocytes were pre-incubated with serum-free DMEM
containing 5 mM glucose for 2 h, and then cells were washed and
placed in KRBH buffer. After treatment, cells were rinsed brieﬂy
with ice-cold phosphate buffered saline (PBS), then disrupted in
ice-cold lysis buffer at 4 °C. Supernatants were collected following
centrifuging at 13,000g for 15 min at 4 °C. Proteins concentration
was determined by the BCA method. Equivalent amounts of proteins were loaded and separated by SDS–PAGE, and transferred
to PVDF membranes (Millipore). After incubation with antibodies,
proteins were detected with enhanced chemiluminescence (ECL)
system.
Statistical analysis
Experimental data were presented as means ± standard deviation (SD). The data are from three independent experiments with
three replicates per experiment. Statistical analysis was made
using the Student’s t-test. P < 0.05 was considered to be signiﬁcant
for a difference.

Determination of mitochondrial membrane potential
The mitochondrial membrane potential was determined by JC-1
probe as described previously [23]. Cells were digested into sterile
centrifuge tubes by trypsin–EDTA solution (Sigma), then washed
twice with PBS and resuspended cells in 0.5 ml KRBH buffer containing 1% (w/v) BSA. After pre-incubated with or without genipin
for 20 min, cells were incubated with 2 lM JC-1 at 37 °C for
20 min. Then cells were washed twice and resuspended with
PBS. Cell ﬂuorescence was measured immediately by ﬂuorescence
spectrophotometer (F4500, Hitachi). Mitochondrial membrane potential was determined by ratio of red ﬂuorescence (excitation
550 nm, emission 600 nm) to green ﬂuorescence (excitation
485 nm, emission 535 nm).
Determination of ATP production
3T3-L1 adipocytes were pre-incubated for 30 min in KRBH buffer containing 5 mM glucose and then treated with or without genipin for 1 h. At the end of this incubation, cells were disrupted with
lysis buffer on ice. Extracts were centrifuged at 13,000g for 15 min
at 4 °C and supernatants were collected. ATP was measured using a
luciferin-luciferase bioluminescent assay (Sigma). Light emission

Fig. 1. Genipin increases mitochondrial membrane potential in a UCP2-dependent
manner in HEK293. Empty vector transfected (empty) and UCP2-transfected
HEK293 cells were harvested and resuspended in KRBH buffer containing 1% BSA.
After incubation with genipin (50 lM) at 37 °C for 20 min, cells were loaded with
probe JC-1 (2 lM) at 37 °C for 20 min. Data are expressed as 600/535 nm
ﬂuorescence ratio and shown as percentage over control of empty cells ± SD of
three independent experiments with three replicates per experiment. *P < 0.05,
signiﬁcant to control of empty cells. **P < 0.01, signiﬁcant to control of UCP2transfected cells.

90

H. Zhou et al. / Archives of Biochemistry and Biophysics 486 (2009) 88–93

Fig. 2. Insulin-stimulated glucose uptake in 3T3-L1 adipocytes was impaired by genipin and the effect of genipin was blocked by CCCP added simultaneously. (a) Effect of
genipin on glucose uptake of 3T3-L1 adipocytes. 2-DG uptake was measured for 5 min under basal (d) or acute insulin stimulation (20 min at 37 °C) with 100 nM insulin (N)
after incubation for 20 min in the presence of genipin at various concentrations. 2-DG uptake was expressed as uptake amount per mg protein in 5 min. (b) As above, insulinstimulated 2-DG uptake in adipocytes was impaired after cells were pretreated with 50 lM genipin. CCCP could block the reduction of uptake induced by genipin when cells
were pretreated with genipin and additional 50 nM CCCP, although CCCP leaded to mildly increase of 2-DG uptake. 2-DG uptake was expressed as uptake amount per mg
protein in 5 min. Data are the means ± SD of three independent experiments with three replicates per experiment. *P < 0.01, signiﬁcant to the control (untreated), #P < 0.01,
##
P < 0.01.

Fig. 3. Effect of genipin on mitochondrial functions in 3T3-L1 adipocytes. (a) Genipin increases mitochondrial membrane potential in adipocytes. Mitochondrial membrane
potential of 3T3-L1 adipocytes was measured by JC-1 after incubation at 37 °C for 20 min in the presence of genipin at various concentrations, data were expressed as 600/
535 nm ﬂuorescence ratio. (b) Genipin increases intracellular ATP level in adipocytes. Intracellular ATP level was determined by luciferin-luciferase bioluminescent assay
after incubation for 1 h in the presence of genipin at various concentrations. (c) Genipin increases mitochondrial and intracellular ROS. Mitochondrial ROS level of 3T3-L1
adipocytes was determined by loading with DHR123 after incubation for 20 min in the presence of genipin at various concentrations. In addition, genipin increases
intracellular ROS level (d), determined by loading with DCFH-DA. Data are shown as percentage of control ± SD of three independent experiments with three replicates per
experiment. *P < 0.01, **P < 0.01, #P < 0.05, ##P < 0.05, signiﬁcant to control, respectively.
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Results
Genipin increases mitochondrial membrane potential by inhibiting
activity of UCP2
Genipin, which is a cell permeable molecule, was shown to
inhibit UCP2-mediated proton leak by directly interacting with
UCP2, and regulate mitochondrial functions from pancreatic b-cells
[21]. Our study further demonstrates that genipin was able to inhibit superoxide-activated mitochondrial proton leak and increased
mitochondrial membrane potential in a UCP2-dependent manner
in kidney (data not shown). In this study, we examined the effect
of genipin on mitochondrial membrane potential in UCP2-transfected HEK293 cells. UCP2-transfected cells signiﬁcantly increased
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JC-1 ﬂuorescence after treatment with genipin (Fig. 1), compared
to non-transfected cells expressing less UCP2. Moreover, UCP2transfected cells had signiﬁcant low mitochondrial membrane
potential than empty cells (Fig. 1), due to proton leak activity of
UCP2. Thus, genipin increased mitochondrial membrane potential
in a UCP2-dependent manner, which is consistent with the reports
that genipin is an inhibitor of UCP2 [19,21].
Inhibition of UCP2 reduces glucose uptake in 3T3-L1 adipocytes
To test if UCP2 in adipocytes was associated with glucose uptake, insulin-stimulated glucose uptake was measured in 3T3-L1
adipocytes. UCP2 activity was inhibited by genipin, which had
been demonstrated by Zhang et al. [21] and our above experi-

Fig. 4. Effect of genipin on intracellular signaling. Serum- and glucose-starved 3T3-L1 adipocytes were pretreated with 50 lM genipin for 1 h and then stimulated with
100 nM insulin as indicated. Cell lysates were prepared and analyzed by SDS–PAGE and immunoblotting. In the presence of genipin, insulin-induced Akt phosphorylation was
suppressed (a), Ser307 phosphorylation of IRS-1 was increased (b), and phosphorylation of JNK1/2 was also increased (c). Data are shown as percentage of control ± SD and
are representatives of three independent experiments. *P < 0.01, **P < 0.01, #P < 0.01.
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ments. The result shows that insulin-stimulated glucose uptake
was inhibited by as much as 50% in the presence of 100 lM genipin (Fig. 2a). This suggests that the inhibition of mitochondrial
proton leak via UCP2 induced insulin resistance in adipocytes.
If so, the recovery of mitochondrial proton leak could restore
the insulin-stimulated glucose uptake. Therefore, insulin-stimulated glucose uptake was measured in the presence of 50 nM
CCCP (carbonyl cyanide 3-chlorophenylhydrazone, a chemical
uncoupler that stimulates proton leak). As expected, CCCP protected against the genipin-induced inhibition of insulin-stimulated glucose uptake (Fig. 2b). Our results demonstrated that
the inhibition of UCP2 induced insulin resistance in 3T3-L1
adipocytes.
Genipin increases mitochondrial membrane potential, ATP levels and
reactive oxygen species in 3T3-L1 adipocytes
To determine whether the inhibition of UCP2 with genipin was
associated with mitochondrial respiratory function in 3T3-L1 adipocytes, we measured the effect of genipin on mitochondrial membrane potential, intracellular ATP level and ROS production. As
shown in Fig. 3a, addition of genipin to 3T3-L1 adipocytes apparently increased the membrane potential. An increase in mitochondrial membrane potential is predicted to stimulate ATP production
by ATP synthase and increase levels of ATP. As expected, 40 lM
genipin increased up to 20% ATP levels in 3T3-L1 adipocytes
(Fig. 3b). Mitochondrial ROS level detected by DHR123 dye was
also signiﬁcantly increased in the presence of genipin (Fig. 3c).
The results suggested the inhibition of UCP2 with genipin changed
mitochondrial function in adipocytes. Moreover, intracellular ROS

level was also signiﬁcantly increased (Fig. 3d), and intracellular
ROS was mainly generated from mitochondria, contributes to insulin resistance [26,27].
Inhibition of UCP2 by genipin impairs insulin signal transduction in
3T3-L1 adipocytes
To understand the mechanism by which inhibition of UCP2 induced insulin resistance in 3T3-L1 adipocytes, we examined the effect of genipin on various parameters of insulin signal
transduction. Results showed a signiﬁcant decrease in insulin-induced Akt phosphorylation, an important event in the insulin
receptor signaling pathway (Fig. 4a). Moreover, addition of genipin
to 3T3-L1 adipocytes produced a signiﬁcant increase in Ser307
phosphorylation of insulin receptor substrate-1 (IRS-1) (Fig. 4b),
which could lead to reduced insulin signaling [28]. Thus, inhibition
of UCP2 impaired insulin signal transduction in 3T3-L1 adipocyte.
We have demonstrated that genipin increased ROS level in 3T3L1 adipocytes. Increased ROS level are known to stimulate phosphorylation of JNK, a kinase previously linked to serine phosphorylation of IRS-1 and insulin resistance [29,30]. Our results clearly
show that phosphorylation of JNK was increased in the presence
of genipin (Fig. 4c).
We also use SP600125, a synthetic JNK inhibitor [31], to pretreat adipocytes with genipin. The results show inhibition of JNK
activity with SP600125 could reverse the genipin-induced Ser307
phosphorylation of IRS-1 in 3T3-L1 adipocytes (Fig. 5a), and
SP600125 could also largely restore the reduction of insulin-stimulated glucose uptake (Fig. 5b). These results indicate that inhibition of UCP2 by genipin in 3T3-L1 adipocytes promotes a

Fig. 5. JNK inhibitor could restore insulin-stimulated glucose uptake. Serum- and glucose-starved 3T3-L1 adipocytes were pretreated with 50 lM genipin for 1 h and then
stimulated with 100 nM insulin as indicated. (a) Increase of Ser307 phosphorylation of IRS-1 induced by genipin was greatly reduced when cells were pretreated with genipin
and additional 10 lM SP600125, a synthetic JNK inhibitor, which could largely decreased genipin-induced phosphorylation of JNK1/2. Data are shown as percentage over
genipin-only condition ± SD and are representatives of three independent experiments, #P < 0.01. (b) As above, insulin-stimulated 2-DG uptake in adipocytes was impaired
after cells were pretreated with 50 lM genipin. SP600125 could also largely restore the uptake level when cells were pretreated with additional 10 lM SP600125. 2-DG
uptake was expressed as uptake amount per mg protein in 5 min. Data are the means ± SD of three independent experiments with three replicates per experiment. *P < 0.01,
**
P < 0.05.
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JNK-dependent serine phosphorylation of IRS-1, which in turn
inhibits insulin signal transduction and sequent glucose uptake.
Discussion
In this study, we demonstrated that inhibition of UCP2 increased mitochondrial membrane potential, intracellular ATP level
and ROS production in 3T3-L1 adipocytes. Importantly, this inhibition reduced insulin-stimulated glucose uptake, indicating the
involvement of UCP2 in insulin resistance in 3T3-L1 adipocytes.
Inhibition of UCP2 leaded to suppression of insulin signal transduction via serine phosphorylation of IRS-1, mediated by JNK pathway.
It has been demonstrated that UCP2 is a negative regulator of
insulin secretion in pancreatic b-cells [14,20]. However, it is difﬁcult to explain the mild reduction in glycemia despite hyperinsulinemia in UCP2-null mice [20]. Recently, it was reported that
increasing UCP2 levels in 3T3-L1 adipocytes are positive inducers
of adiponectin (an insulin-sensitizing molecule released by adipose
tissue), and therefore may favor insulin sensitivity [15]. Consistent
with this ﬁnding, our results indicate that inhibition of UCP2 in
3T3-L1 adipocytes reduces glucose uptake and contributes to insulin resistance. Our results are also consistent with the ﬁndings of
UCP3 occurring in skeletal muscle, i.e. overexpression of UCP3, a
homolog of UCP2 in skeletal muscle has been shown to protect
against fat-induced insulin resistance [16,18].
It has been evidenced that the mild regulated uncoupling
caused by UCP2 and UCP3 attenuates mitochondrial ROS production, which is positively correlated with, and very sensitive to,
changes in mitochondrial membrane potential [32–34], although
the physiological and pathophysiological importance of UCP2 and
UCP3, as a means of limiting superoxide production, is unknown.
Several studies show the protective effects of overexpression of
UCP2 and UCP3 [17,35,36]. Our study supports the role of UCP2
in prevention of excess ROS production as evidence that inhibition
of UCP2 by genipin in 3T3-L1 adipocytes increases ROS production.
The mechanism by which inhibition of UCP2 by genipin reduces
glucose uptake is undertaken. Serine phosphorylation may lead to
the inhibition of IRS-1 function by promoting protein degradation
of IRS-1 [37]. Our results demonstrated that inhibition of UCP2 by
genipin induced the serine phosphorylation of IRS-1, which was
mediated by JNK pathway, and JNK inhibitor could largely reverse
the effect of genipin on serine phosphorylation of IRS-1 and insulin-stimulated glucose uptake. The activation of JNK was not clear
so far. However, it has been demonstrated that increased ROS level
is known to stimulate phosphorylation of JNK, which in turn induces serine phosphorylation of IRS-1 [27]. It is likely that increase
of ROS resulted by inhibition of UCP2 activates the JNK signaling
pathway, and contributes to the reduced glucose uptake (Fig. 6).

In summary, these data demonstrate that inhibition of UCP2 reduces insulin-stimulated glucose uptake in 3T3-L1 adipocytes. This
ﬁnding suggests that UCP2 in pancreatic b-cells and adipocytes
plays different roles in the involvement of insulin resistance and
systemic metabolism.
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