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Abstract
Background: The aim of this study was to clarify the relationship among Rac1 expression and 
activation, oxidative stress and β cell dysfunction in obesity. Methods: In vivo, serum levels of 
glucose, insulin, oxidative stress markers and Rac1 expression were compared between ob/
ob mice and C57BL/6J controls. Then, these variables were rechecked after the administration 
of the specific Rac1 inhibitor-NSC23766 in ob/ob mice. In vitro, NIT-1 β cells were cultured in 
a hyperglycemic and/or hyperlipidemic state with or without NSC23766, and the differences 
of Rac1 expression and translocation, NADPH oxidase(Nox) enzyme activity, reactive oxygen 
species (ROS) and insulin mRNA were observed. Results: ob/ob mice displayed abnormal 
glycometabolism, oxidative stress and excessive expression of Rac1 in the pancreas. NSC23766 
injection inhibited the expression of Rac1 in the pancreas, along with amelioration of oxidative 
stress and glycometabolism in obese mice. Under hyperglycemic and/or hyperlipidemic 
conditions, Rac1 translocated to the cellular membrane, induced activation of the NADPH 
oxidase enzyme and oxidative stress, and simultaneously reduced the insulin mRNA expression 
in NIT-1 β cells. Inhibiting Rac1 activity could alleviate oxidative stress and meliorate the 
decline of insulin mRNA in β cells. Conclusions: Rac1 might contribute to oxidative stress 
systemically and locally in the pancreas in obesity. The excessive activation and expression of 
Rac1 in obesity were associated with β cell dysfunction through ROS production.
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Introduction

The number of obese individuals has been increasing significantly worldwide in the 
past few decades [1]. Currently, obesity is considered a chronic disease that is characterized 
by a low level of inflammation-induced oxidative stress, which is regarded as the central 
component of the pathogenesis of obesity-related diseases, such as type 2 diabetes [2, 3]. 
NADPH oxidase (nicotinamide adenine dinucleotide phosphate-oxidase, Nox) is regarded 
as the major enzymatic source of oxidative products, as well as a multi-component protein 
that is closely implicated in the development of many obesity-related diseases [4, 5]. Recent 
evidence has indicated that Nox is highly activated in multiple diseases, including obesity and 
diabetes mellitus [6]. Rac1, a small guanosine triphosphate-binding protein that acts as an 
activator of Nox, has been implicated as playing a modulatory role in Nox-induced oxidative 
stress and mitochondrial dysfunction that is mostly caused by elevated glucose, lipids or 
cytokines [7, 8]. In our previous study, we found that in monocytes, Nox was highly activated 
by enhancing Rac1 expression; obesity-induced oxidative stress and Rac1 expression were 
the consequence of aberrant glucose-lipid metabolism in overweight adolescents [9]. There 
was evidence that Rac1 contributed to vascular injury and cardiomyocyte apoptosis in the 
hyperglycemic state in people with diabetes [10], and Rac1 activation might lead to systemic 
and organic oxidative stress and apoptosis during hyperglycemia [11]. However, it is still 
unclear whether Rac1 acts in the pancreas, what the degree of relative oxidative stress is 
locally in the pancreas, and whether there is any further influence on β cell function in obese 
individuals.

We hypothesize that oxidative stress exists not only systemically but also locally in the 
pancreas, which is primarily associated with the excessive expression and/or activation of 
Rac1. This may be one of the reasons for impaired β cell function during the development of 
obesity, which might contribute to the progress of diabetes mellitus.

Materials and Methods 

Ethics Statement
All animal studies were carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved 
by the Animal Care and Use Committees of Peking University Health Science Center (Permit Number: 
IRB00001052-0711). All efforts were made to minimize suffering.

In Vivo Studies
C57BL/6J mice were obtained from the Laboratory Animal Center of Peking University. ob/ob mice 

were purchased from the Model Animal Research Center of Nanjing University. Mice were housed in micro-
isolators under standard pathogen-free conditions on a 12 h light/dark cycle with free access to water and 
a standard chow. Mice were all male and 4 weeks old at the start of the experiment and were kept until 
8 weeks old at the end of the experiment. Forty mice were divided equally into four groups: C57BL/6J 
as the normal control; ob/ob as the baseline for obesity; NSC ob/ob, which were ob/ob mice that were 
intraperitoneally injected with NSC23766 (2.5 mg. kg-1. day-1, i.p.) for 2 weeks; and PBS ob/ob, which were 
ob/ob mice that received an equal volume of phosphate buffer solution (PBS) for 2 weeks.

Biochemical Analysis 
Body weights were measured in all mice at 8 weeks of age. Blood glucose concentrations were tested 

after 12 h fasting from the tail veins of mice with a Roche blood glucose monitor (Glucotrend 2). Serum 
insulin was tested by chemiluminescence method (Immulite; DPC, Los Angeles, CA). Insulin resistance was 
estimated with the homeostasis model of insulin resistance (HOMAIR) by a formula that included fasting 
insulin (I0) and fasting glucose (G0) as follows: HOMAIR = (I0 ×G0)/22.5 (insulin in μU/ml and glucose in 
mmol/l). The levels of total cholesterol (TC) and triglyceride (TG) were measured using a kit from Roche 
(Basel, Switzerland). Malondialdehyde (MDA) was determined by the thiobarbituric acid method for the 
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evaluation of systemic oxidative stress, and superoxide Dismutase (SOD) activity was calculated with a 
commercial assay kit (Cayman Chemicals, Ann Arbor, MI) as the marker of antioxidant ability. 

Immunohistochemistry Analysis of Pancreas
C57BL/6J, ob/ob, NSC ob/ob and PBS ob/ob mice were anesthetized with isoflurane (2.5% for 10 

min) at the age of eight weeks. Pancreases were carefully removed, fixed in formaldehyde and embedded 
in paraffin. Then, 4-μm-thick sections were cut in the horizontal plane. Serial sections were mounted onto 
glass slides, heat dried, deparaffinized in xylene, and dehydrated/rehydrated in a series of graded ethanols. 
The sections were stained with mouse anti-Rac1 primary antibody (Santa Cruz, 1:1000) overnight at 4°C in 
blocking solution, followed by fluorescein isothiocyanate conjugated anti-mouse IgG (Santa Cruz, 1:400) for 
30 min at room temperature. All micrographs were taken under confocal microscopy.

Western Blot Analysis of Pancreas
Protein extracted from pancreatic tissue was prepared using a RIPA buffer. Protein separated by SDS-

PAGE was blotted onto polyvinylidene difluoride membranes. Blots were detected using Rac1 primary 
antibodies (Santa Cruz, 1:1000) and an Immobilon Western Chemiluminescent HRP substrate kit (Millipore). 
β-actin (Abcam, 1:4000) was used as the confidential reference item. 

Dihydroethidium (DHE) staining
For DHE staining, the tissues were quickly embedded in Tissue-Tek ® O.C.T. Compound (Sakura 

Finetechnical Co) at -20°C. The O.C.T.-embedded tissues were sectioned (10 μm) at -20°C by a Benchtop 
Cryostat (Leica, CM 1100). After fixation, the slides were allowed to react with 5 μM DHE at 37°C for 30 
minutes. DHE-stained slides were mounted with VectaShield fluorescence mounting medium (Vector 
Laboratory). Images were captured with a Leica digital camera mounted on a fluorescent microscope 
attached to a PC running Leica 50TM software.

In Vitro Studies and Measurement of ROS generation and NADPH oxidase enzyme activity
NIT-1β cells were maintained at 37°C in a 5% CO2 humidified incubator and incubated in Hanks’ solution, 

pH 7.4. For various pharmacological treatments, glucose (20 mM), palmitic acid (100 μM), and both of the 
above were added into the cell suspension and kept for 6 h, followed by 5 μM dichlorodihydrofluorescein 
(DCF-DA) (Sigma) for 40 min at 37°C. The control group was untreated. We washed NIT-1 β cells three 
times with Hanks’ solution and detected the fluorescence in cells by a flow cytometer. Then, on the basis of 
the aforementioned grouping, a highly selective Rac1 inhibitor, NSC23766 (20 μM), was added to the three 
groups of cells overnight, and the fluorescence in NIT-1 β cells was determined using flow cytometry.

The NADPH oxidase enzyme activity was measured using the method described by Hwang et al. [12].
Treated cells were homogenized using 50 mM phosphate buffer solution (pH 7.0) containing 1 mM EDTA 
and 1 mM PMSF. The homogenates were centrifuged at 3000 g for 10 min. The cleared lysates (250 μg/ml of 
protein) were then incubated with N,N’-Dimethyl-9,9'-biacridinium dinitrate (Lucigenin) (5 µM) for 2 min 
followed by the addition of NADPH (100 μM). The chemiluminescence signal resulting from the reaction of 
superoxide anion and lucigenin was recorded every 1 min for 15 min using BioTek Synergy HT, Gen5. Nox 
enzyme activity was expressed as chemiluminescence units per mg lysate protein per minute.

RNA extraction and reverse transcription
The insulin mRNA from NIT-1β cells was extracted by Trizol reagent following the manufacturers 

instructions. Reverse transcription of RNA was performed with A3500 kit (Promega) according to the 
manufacturer’s instructions.

Immunofluorescence in vitro
1×105 NIT-1β cells were harvested and suspended with PBS, adhered to coverslips by a centrifugal slide 

stainer, fixed in pre-cold methanol at -20°C for 10 min, and then incubated with Rac1 primary antibodies 
(Santa Cruz, 1:1000) at 37°C for 60 min. The cells were labeled with TRITC-conjugated anti-mouse IgG 
(Santa Cruz, 1:400) at 37°C for 60 min and incubated with DAPI at room temperature for 5 min. Finally, the 
coverslips were mounted with DABCO. Images were visualized with confocal microscopy.
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Statistical analysis 
Data were expressed as mean values ± standard deviations (SD). Comparisons between different 

groups were analyzed using a t-test for independent group comparisons. Statistical significance was set at p 
< 0.05. All data were analyzed with the SPSS 17.0 software.

Results

Obese mice displayed discrepancies in glycometabolism, lipid metabolism, and insulin 
sensitivity compared to normal weight mice
The body measurement, metabolic markers, and insulin sensitivity of the mice involved 

in this study are summarized in Table 1. As expected, ob/ob mice displayed significantly 
higher levels of weight, Lee’s index [13], fasting blood glucose (FBG), insulin, HOMAIR, TG and 
TC compared with normal weight C57BL/6J (p< 0.05). These data indicated that there were 
obvious differences between obese mice and normal weight mice in their physical index and 
metabolic status. 

Oxidative stress occurred in ob/ob mice, as indicated by decreased SOD activity and 
elevated MDA levels
To evaluate the relationship between obesity and oxidative stress, we measured SOD 

activity and the serum level of lipid peroxidation (MDA production). As shown in Fig. 1A, the 
activity of SOD was lower in ob/ob mice than in the C57BL/6J group (201.80±27.34 U/ml vs. 
233.67±29.78 U/ml, p < 0.01), while the level of MDA (Fig. 1B) was higher (3.56±0.19 µmol/l 
vs. 2.55±0.26 µmol/l, p < 0.01). This demonstrated that there was systemic oxidative stress 
in obese status. 

Augmented Rac1 expression and oxidative stress existed in pancreatic tissue in ob/ob mice 
All mice were killed at the age of eight weeks at the end of the experiment, and their 

pancreases were carefully removed for further study. Rac1 expression in pancreatic tissue 
was assessed by western blot. As shown in Fig. 2A, compared with C57BL/6J, Rac1 expression 
in pancreatic tissue was significantly increased in ob/ob mice. This finding was confirmed 
by immunohistochemistry (Fig. 3A): compared with C57BL/6J mice, the staining in the 
pancreatic island of ob/ob mice was even darker, indicating that obese status is characterized 
by augmented Rac1 expression in pancreatic islets. DHE staining was performed to detect 
superoxide generation in the pancreas. Ultimately, more superoxide free radical generation 
was triggered in ob/ob mice, as indicated by positive intense red fluorescent staining (Fig. 
3B).

Table 1. Physical measurement, metabolic index, and insulin sensitivity of the mice invol-
ved in this study 
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The Rac1 inhibitor-NSC23766 decreased the levels of fasting blood glucose and insulin 
resistance and ameliorated β cell function
We injected the specific Rac1 inhibitor-NSC23766 into ob/ob mice for 14 days and 

detected any differences between the NSC ob/ob and the PBS ob/ob group. The results 
indicated that NSC23766 decreased the level of FBG and the degree of insulin resistance 
(Table 1). Meanwhile, no significant differences in characteristics such as weight, Lee’s index, 
insulin, TC and TG were found between the NSC ob/ob group and PBS ob/ob group (Table 1).

The Rac1 inhibitor NSC23766 suppressed oxidative stress in ob/ob mice
SOD activity was higher in NSC ob/ob mice than in PBS ob/ob (220.34±26.68 U/ml vs. 

209.11±26.82 U/ml, p < 0.01), while the MDA level was lower (3.02±0.18 µmol/l vs. 3.43±0.22 
μmol/l, p < 0.05), which meant that the repression of Rac1 interferes with oxidative stress to 
some extent (Fig. 1).

NSC23766 decreased Rac1 expression and oxidative stress in pancreatic tissue in ob/ob 
mice
After ob/ob mice were treated with NSC23766 for 2 weeks, the Rac1 expression in the 

pancreas decreased, as shown by western blot (Fig. 2B). Then, we used a histological method 
to confirm the previous finding. As is shown in Fig. 3A, the staining in the pancreatic islands 
of NSC ob/ob mice was lighter compared with the untreated PBS ob/ob mice, indicating a 
decrease in Rac1 expression. Simultaneously, oxidative stress in the pancreas was relieved 
by the inhibition of Rac1, as indicated by the subdued red fluorescent DHE staining (Fig. 3B).

Oxidative stress in NIT-1 β cells induced by hyperglycemia and/or hyperlipidemia was 
accompanied by the activation of NADPH oxidase and the translocation of Rac1 to the 
cellular membrane
To mimic the oxidative status, we added glucose (20 mM), palmitic acid (100 μM), 

and both into the cell suspension. The fluorescence in NIT-1 β cells was determined by a 

Fig. 1. Oxidative stress occurred in ob/ob mice, and 
NSC23766 can suppress oxidative stress. 4-week-old 
C57BL/6J mice (10) and ob/ob mice (30) were selec-
ted and kept until 8 weeks old. Among them, twenty 
ob/ob mice were randomized into two groups that 
were given NSC23766 (2.5 mg. kg-1. day-1, i.p.) or an 
equal volume of PBS for 2 weeks. The serum malon-
dialdehyde (MDA) level and superoxide dismutase 
(SOD) activity were measured. The SOD activity (Fig. 
1A) was lower, in ob/ob mice than that in C57BL/6J 
group (201.80±27.34 U/ml vs. 233.67±29.78 U/ml, 
p < 0.01), while the MDA level (Fig. 1B) was higher in 
ob/ob mice (3.56±0.19 µmol/l vs. 2.55±0.26 µmol/l, 
p < 0.01). After the intervention, the SOD activity (Fig. 
1A) in the NSC ob/ob group was elevated compared 
with the PBS ob/ob group (220.34±26.68 U/ml vs. 
209.11±26.82 U/ml, p < 0.01), while the MDA level 
(Fig. 1B) was lower (3.02±0.18 µmol/l vs. 3.43±0.22 
µmol/l, p < 0.05). **p<0.01 C57BL/6J vs. ob/ob and 
NSC ob/ob vs. PBS ob/ob, *p<0.05 NSC ob/ob vs. PBS 
ob/ob.
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flow cytometer. Compared with the blank control group, ROS was increased by 19.6% in 
the hyperglycemia group, 15.1% in hyperlipidemia group and 24.1% in the group incubated 
with both compounds, as shown in Fig. 4A. Meanwhile, exposure of these cells to elevated 
glucose (glucotoxicity), fatty acids (lipotoxicity) or both (glucolipotoxicity) resulted in 
a significant increase in the NOX enzyme activity (Fig. 4C). To find out the role of Rac1 in 
this process, we applied the indirect immunofluorescence method to observe changes in 
Rac1 distribution. As shown in Fig. 5, Rac1’s translocation to the cellular membrane was 
promoted in the hyperglycemic and/or hyperlipidemic state, which might help to anchor 
cytosolic p67phox to the membrane for the assembly of active NADPH oxidase, leading to the 
activation of NADPH oxidase and superoxide generation. 

Insulin mRNA in NIT-1 β cells was lessened in the oxidative state induced by hyperglycemia 
and/or hyperlipidemia
We incubated NIT-1β cells with 20 mM glucose, 100 µM palmitic acid, or both, then 

extracted the insulin mRNA in the cells. We found that insulin mRNA in β cell was decreased 
by 74.1% in the hyperglycemia group, 57.1% in the hyperlipidemia group and 62.8% in the 
group incubated with both substances compared with the blank control group (Fig. 6). 

Attenuation of Rac1 could alleviate the oxidative stress and activation of NADPH oxidase 
induced by hyperglycemia and/or hyperlipidemia in NIT-1 β cells
To further demonstrate the role of Rac1 in the generation of ROS, a highly selective 

Rac1 inhibitor, NSC23766, was added to the cell suspension of hyperglycemia and/or 

Fig. 2. ob/ob mice showed eleva-
ted Rac1 expression in pancreatic 
tissue, which could be decreased by 
NSC23766. Rac1 expression in pan-
creatic tissue was assessed by western 
blot. Compared with C57BL/6J, Rac1 
expression in pancreatic tissue was sig-
nificantly increased in ob/ob mice (Fig. 
2A). After the ob/ob mice were treated 
by NSC23766 for 2 weeks, the expressi-
on of Rac1 obviously declined (Fig. 2 B). 
**p<0.01 C57BL/6J vs. ob/ob, *p<0.05 
NSC ob/ob vs. PBS ob/ob.
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hyperlipidemia cells overnight. As demonstrated in Fig. 4B, we found that the ROS in NIT-
1β cells was significantly attenuated, which proved that the activation of Rac1 had taken 
part in the generation of oxidative stress induced by hyperglycemia and/or hyperlipidemia 
in NIT-1β cells. Inhibiting Rac1 activity decreases the oxidative stress to a certain extent. 
Meanwhile, the co-provision of NSC23766 attenuated the ability of glucolipotoxic condition 
to stimulate NADPH oxidase activity (Fig. 4C). The differences in cellular ROS induced by 
NSC23766 are summarized and displayed in Fig. 4D. 

Suppression of Rac1 could reduce its translocation to the cellular membrane
Rac1 activation is required to anchor cytosolic p67phox to the membrane for the 

assembly of active NADPH oxidase, leading to superoxide generation. In the present study, we 
found that Rac1 translocation to the cellular membrane was promoted under hyperglycemic 
and/or hyperlipidemic conditions. Then, we treated the cells with NSC23766 and used an 
indirect immunofluorescence method to observe the changes in the cells. We found that the 
fluorescence was mostly observed in the cytoplasm, as illustrated in Fig. 5, which indicates 
that NSC23766 could inhibit Rac1 translocation to the cellular membrane.

The impairment of β cell function induced by oxidative stress can be ameliorated by 
inhibiting Rac1
To further demonstrate the role of Rac1 in β cell dysfunction, we used the Rac1 inhibitor 

NSC23766 to treat hyperglycemia and/or hyperlipidemia cells and found that the insulin 
mRNA in NIT-1 β cells was significantly higher (Fig. 6), which demonstrated that the over-
expression of Rac1 was associated with the decline of β cell function in obesity and that 
inhibiting Rac1 should improve β cell function.

Fig. 3. Obesity led to augmented Rac1 
expression and oxidative stress in 
pancreatic tissue, which could be atte-
nuated by NSC23766. Rac1 expression 
in pancreatic tissue was confirmed by 
immunohistochemistry. All pictures 
were taken with confocal microscopy. 
In Fig. 3A, compared with C57BL/6J, 
the staining in pancreatic islands of ob/
ob mice was darker, which indicted that 
obese status was companied by aug-
mented Rac1 expression in islets. After 
the administration of NSC for 2 weeks, 
the staining in the pancreatic islands of 
NSC ob/ob mice became lighter than 
those of the untreated PBS ob/ob mice. 
DHE staining was performed to detect 
superoxide generation in pancreatic 
tissue. In Fig. 3B, more superoxide free 
radical generation was triggered in ob/
ob mice compared with C57BL/6J mice, 
as indicated by positive red fluorescent 
staining. After the administration of 
NSC23766, the red fluorescent staining 
of pancreatic tissues in ob/ob mice 
declined.
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Discussion

The primary purpose of the present study was to clarify the relationship between Rac1 
expression and activation, the generation of superoxides and β cell dysfunction in obesity. 
Here, we provided novel experimental evidence showing that the increased expression 
and activation of Rac1 contributed to oxidative stress, both systemically and locally, in the 
pancreas in obese mice, which might also imply a participatory role in β cell dysfunction.

We previously reported that overweight adolescents displayed discrepancies in 
glycometabolism, lipid metabolism, and insulin sensitivity compared to normal weight 
adolescents; increased oxidative stress existed in overweight adolescents and was primarily 

Fig. 4. Oxidative stress in NIT-1 β cells can be induced by hyperglycemia and/or hyperlipidemia, and atte-
nuation of Rac1 can alleviate oxidative stress induced by hyperglycemia and/or hyperlipoidemia in NIT-1 
β cells. NIT-1 β cells were incubated with additional 20 mM glucose, 100 µM palmitic acid, or both, and 
fluorescence was determined by a flow cytometer. Compared with the blank control group, ROS increased 
by 19.6% in the hyperglycemia group, 15.1% in the hyperlipidemia group and 24.1% in the group incubated 
with both, as can be observed in Fig. 4A (a. control group; b. hyperglycemia group; c. hyperlipidemia group; 
d. hyperglycemia and hyperlipidemia group). Exposure of these cells to elevated glucose (glucotoxicity), 
fatty acids (lipotoxicity) or both (glucolipotoxicity) resulted in a significant increase in the NOX enzyme 
activity (Fig. 4C).  NSC23766 (20 µM) was added to the cell suspension overnight, and then the fluorescence 
in NIT-1β cells was determined using a flow cytometer. As demonstrated in Fig. 4B, ROS in NIT-1β cells was 
significantly attenuated (a. control+NSC group; b. hyperglycemia+NSC group; c. hyperlipidemia+NSC group; 
d. hyperglycemia and hyperlipidemia+NSC group). Meanwhile, co-provision of NSC23766 attenuated the 
ability of the glucolipotoxic condition to stimulate NADPH oxidase activity (Fig. 4C).The differences of ROS 
induced by NSC23766 are summarized and displayed in Fig. 4D. *p<0.01 vs.control, #p<0.05 NSC+ hypergly-
cemia/hyperlipidemia/both vs. hyperglycemia/ hyperlipidemia/both.
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caused by enhancing Rac1 expression and the augmented activity of NADPH oxidase [9]. 
In the present study, ob/ob mice displayed similar abnormal glucose and lipid metabolism 
and oxidative stress, which were highly consistent with our previous studies in overweight 
adolescents [14] and clinical studies that have indicated that obese patients are more 
susceptible to impaired glucose tolerance and an early-onset diabetes [15]. Recent studies by 
Gurzov et al. have reported that oxidative stress accompanying obesity inactivates protein-
tyrosine phosphatases (PTPs) in the liver, thus activating select signaling pathways that 
exacerbate disease progression [16]. Mai A et al. have studied Nox2/ApoE double-knockout 
mice eating a high-fat diet and found that Nox2-derived oxidative stress plays an important 
role in the pathogenesis of dietary obesity-associated metabolic syndrome and endothelial 

Fig. 5. Oxidative stress induced by hyperglycemia and/or hyperlipidemia in NIT-1 β cells was accompanied 
by the translocation of Rac1 to the cellular membrane; suppression of Rac1 can inhibit the translocation. 
Indirect immunofluorescence was applied to observe the changes in the cells under hyperglycemic and/or 
hyperlipidemic conditions. Compared with the blank control group, fluorescence gathered around the edge 
of the cells in the high glucose group, the palmitic acid group and the group incubated with both, which 
indicated that Rac1 translocated to the cellular membrane. After the treatment with NSC23766, the fluore-
scence was scattered in the cytoplasm, which indicates that NSC23766 can inhibit the translocation of Rac1 
to the cellular membrane.

Fig. 6. Insulin mRNA in NIT-1 β cells was decreased in the oxidative state induced by hyperglycemia and/
or hyperlipidemia, which could be ameliorated by inhibiting Rac1. We incubated NIT-1β cells with 20 mM 
glucose, 100 μM palmitic acid, or both, then isolated the insulin mRNA. As is shown in Fig. 6, insulin mRNA 
in β cells decreased by 74.1% in the hyperglycemia group, 57.1% in the hyperlipidemia group and 62.8% in 
the group incubated with both; then, the Rac1 inhibitor NSC23766 was used to treat the cells, which caused 
insulin mRNA to increase significantly. 
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dysfunction. Recent studies by Sukumar and coworkers have probed the potential regulatory 
roles of Nox in models of human insulin resistance [17]. They observed significantly higher 
levels of superoxides in insulin-resistant endothelial cells. Pharmacological inhibition using 
gp91ds-tat or siRNA-mediated knockdown of Nox2 significantly attenuated superoxide 
generation in these cells. Further supporting a role for Nox2 in the onset of these metabolic 
defects, these authors reported that a double transgenic mouse model [i.e., with endothelial-
specific insulin resistance and the deletion of Nox2] exhibited attenuated superoxide 
production and improved vascular function, corroborating our data suggesting the potential 
relation of oxidative stress and the duress imposed by glucolipotoxicity in obesity.

β cell dysfunction plays an essential role in the pathogenesis of diabetes [18]. Increased 
intracellular generation of ROS has been implicated in the pathology of metabolic diseases. 
Accumulating evidence suggests Nox as the principal source for cellular ROS in humans 
and as one of the ‘‘culprits’’ for the induction of cellular damage culminating in the onset of 
diabetes and its complications [19]. Nox is a highly regulated membrane-associated protein 
complex that promotes the one-electron reduction of oxygen to a superoxide anion by the 
oxidation of cytosolic NADPH. The Nox holoenzyme consists of membrane and cytosolic 
components. The membrane-associated catalytic core consists of gp91phox and p22phox, 
and the cytosolic regulatory core includes p47phox, p67phox, p40phox, and Rac1 [20]. Under 
stimulatory conditions, the cytosolic components translocate to the membrane fraction for 
association with the catalytic core for Nox2 holoenzyme assembly and catalytic activation. 
Rac1 is necessary to anchor cytosolic p67phox to the membrane for the assembly of active 
Nox, inducing superoxide generation [21].

Several plausible mechanisms have been proposed for the generation of ROS and 
associated oxidative stress in a variety of cell types, including the islet β cell [22, 23]. Ismail 
Syed et al. have reported a significant increase in the subunit expression and activation 
of Nox2 in islets derived from the Zucker Diabetic Fatty rat, a model for type 2 diabetes 
[24]. Yuan and associates noted high levels of ROS generation and decreased insulin 
content in islets from Sprague-Dawley rats following a 24-week high fat feeding [25]. They 
also reported increased ROS generation and a reduction in insulin content following the 
exposure of insulin-secreting NIT-1 cells to high glucose concentrations in vitro. Recent 
studies have demonstrated that local NADPH oxidase activity in the pancreas increased 
in diabetes [26, 27]. As is shown in the current study, in addition to abnormal metabolic 
status, insulin resistance, and systemic oxidative stress in ob/ob mice, we also found that 
the ROS production and the expression of Rac1 were significantly increased in the pancreas 
of ob/ob mice. This result conforms with our former study that Rac1 might play a key role 
in obesity-related changes [9] and was further confirmed by the specific inhibition of Rac1. 
After 14 days administration of NSC23766, a specific activity inhibitor of Rac1, the serum 
levels of fasting glucose and the degree of insulin resistance declined along with the decrease 
of ROS production and Rac1 expression in pancreas, which suggested that the suppression of 
Rac1 could decline the oxidative stress level, ameliorate β cell function, and further improve 
glycometabolism. There were no significant differences in characteristics such as weight, 
Lee’s index, TC and TG after the treatment of NSC23766, suggesting that the role of oxidative 
stress induced by Rac1 on glycometabolism might be independent of changes in body weight 
and physical composition. 

It is known that an important step for the assembly of active Nox is the translocation 
of cytosolic subunits (p67phox, p47phox, and Rac1) to membrane subunits (gp91phox and 
p22phox) [28, 29]. Rac1 activation (the GTP-bound conformation) leads to its association 
with p67phox, triggering the translocation of the Rac1-p67phox dimer to the membrane. 
Recent evidence suggests novel regulatory roles for specific guanine nucleotide exchange 
factors (GEFs) for Rac1 in attaining its GTP-bound active configuration [30]. There is 
evidence showing that oxidative stress is enhanced in the mouse heart failure model of 
hypertensive heart disease (HHD), Rac1 activity is upregulated in the heart of HHD mice, 
and cardiac function is significantly impaired at the same time [31]. Lopez-Haber et al. found 
that ErbB-driven Rac1 activation in breast cancer cells proceeded independently of the 
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Jak2 pathway, and cucurbitacin I inhibited Rac1 activation in breast cancer cells by a ROS-
mediated mechanism [32]. To discover the cellular and molecular mechanism connecting 
Rac1 to oxidative stress, we extended our analyses to NIT-1 β cells by applying hyperglycemic 
and/or hyperlipoidemic conditions to mimic the oxidative stress status. The analysis of 
subcellular localization of Rac1 by confocal immunofluorescence microscopy showed that 
Rac1 presented a cytoplasmic distribution primarily in normal β cells, but it translocated 
to the membrane in response to hyperglycemia and/or hyperlipoidemia stimulation 
accompanied by enhanced ROS production, suggesting excessive activation of Rac1 under 
glucotoxicity, lipotoxicity or glucolipotoxicity. Moreover, selective inhibition of Rac1 could 
alleviate oxidative stress induced by hyperglycemia and/or hyperlipoidemia in NIT-1 β cells. 
We demonstrated that the activation of Rac1 played a role in ROS production in NIT-1 β cells. 
Similar studies by Subasinghe and associates have demonstrated contributory roles for Nox 
in cytokine-induced metabolic dysfunction of the islet β cell and a significant reduction in 
proinflammatory cytokine-induced Rac1 activation and Nox-mediated ROS generation by 
inhibitors of Rac1 [33]. Furthermore, Syed and associates have reported a marked increase 
in Rac1 activation and the generation of superoxides and lipid peroxides in INS-1 832/13 
cells following exposure to palmitate [7]. These observations support the hypothesis that 
metabolic dysfunction of the islet β cell induced by hyperglycemia and/or hyperlipoidemia 
requires the intermediacy of the Rac1-Nox signaling pathway.

Our subsequent data revealed the role of Rac1 and ROS in β cell function variation by 
examining insulin mRNA in NIT-1 β cells. Recent studies suggest that ROS derived from Nox 
play regulatory “second-messenger” roles in GSIS [30, 34]. Indeed, previous studies showed 
that Rac1 plays a pivotal role in insulin-stimulated glucose uptake in skeletal muscle, which 
is mediated by GLUT4 translocation to the plasma membrane [35]. In addition to the positive 
modulatory roles for ROS in GSIS, recent evidence also implicates negative modulatory roles 
for ROS in the induction of oxidative stress and metabolic dysregulation of islet β cells under 
the duress of glucolipotoxicity, cytokines, and ceramide [8]. The generation of ROS in these 
experimental conditions is largely due to the activation of Nox because inhibition of Rac1 or 
Nox activation markedly attenuated the deleterious effects of these stimuli. Recently, Hwaiz 
et al. found that Rac1 activity was increased in lungs from septic animals, and administration 
of NSC23766 markedly reduced sepsis-triggered neutrophil infiltration, edema formation, 
and tissue damage in the lung [36]. Similar results were observed in our study, which found 
that the impaired β cell function could be recovered partly by inhibiting Rac1 with the 
administration of NSC23766, which also proved that over-activation of Rac1 contributed to 
the decline of β cell function in the progress of obesity from the other side. On the basis of 
the existing information, Kowluru et al. [24] proposed the following model for Nox-mediated 
induction of β cell dysfunction in diabetes as the Rac1–Nox–ROS signaling pathway: exposure 
of isolated β cells to glucolipotoxic conditions or islets derived from the diabetic individuals 
results in increased activation of Rac1 and Nox. The consequent generation of ROS and the 
associated oxidative stress, in turn, promote the activation of JNK1/2 and mitochondrial 
dysregulation. Our findings demonstrated this signaling pathway also exists in obesity.

There are some limitations to our study. First, we performed western blots on pancreas 
tissue, not on isolated islets; thus, some confounding factors from the exocrine portion cannot 
be ruled out. However, we observed the expression of Rac1 in islets by immunohistochemical 
methods at the same time, indicating the level of Rac1 semiquantitatively. Second, although 
we used a well-defined and acceptable cell-line (NIT-1) to study the function of β cells, it would 
be preferable to also perform the study on endocrine function in primary beta-cells. Third, 
if C57 mice were also treated with NSC, the result would be more complete and convincing. 
Fourth, we used hyperlipidemic conditions to mimic the status in obese individuals and found 
activation of NADPH oxidase and translocation of Rac1 under hyperlipidemia. Furthermore, 
insulin mRNA in NIT-1 β cells was decreased. Suppression of Rac1 by NSC could reduce Rac1 
translocation and β cell dysfunction in hyperlipidemia. However, we have not observed this 
phenomenon in vivo. The reason for NSC’s lack of effect on TG levels needs to be determined 
in further studies.
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In conclusion, increased intracellular generation of ROS has been implicated in the 
pathology of metabolic and neurodegenerative diseases. Nox plays contributory roles in the 
induction of cellular damage culminating in the onset of metabolic disorders. Our findings 
suggested that Rac1 might contribute to oxidative stress in systemic and pancreatic levels 
in obesity. The excessive activation and expression of Rac1 in obesity were associated with 
β cell dysfunction through ROS production, disturbing the metabolic homeostasis, and this 
might be one of the latent mechanisms promoting the onset of diabetes. Targeting Rac1–
Nox–ROS signaling represents a valuable therapeutic strategy to obesity and diabetes. Future 
investigations will focus on the development of specific inhibitors for these signaling steps 
to halt Nox activation and cellular defects/damage in obesity, diabetes and other disorders.
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