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Abstract

Accumulating clinical evidence suggests that hyperuricemia is associated with an increased risk of type 2 diabetes.
However, it is still unclear whether elevated levels of uric acid can cause direct injury of pancreatic -cells. In this study, we
examined the effects of uric acid on B-cell viability and function. Uric acid solution or normal saline was administered
intraperitoneally to mice daily for 4 weeks. Uric acid-treated mice exhibited significantly impaired glucose tolerance and
lower insulin levels in response to glucose challenge than did control mice. However, there were no significant differences
in insulin sensitivity between the two groups. In comparison to the islets in control mice, the islets in the uric acid-treated
mice were markedly smaller in size and contained less insulin. Treatment of B-cells in vitro with uric acid activated the NF-xB
signaling pathway through IkBa phosphorylation, resulting in upregulated inducible nitric oxide synthase (iNOS) expression
and excessive nitric oxide (NO) production. Uric acid treatment also increased apoptosis and downregulated Bcl-2
expression in Min6 cells. In addition, a reduction in insulin secretion under glucose challenge was observed in the uric acid-
treated mouse islets. These deleterious effects of uric acid on pancreatic -cells were attenuated by benzbromarone, an
inhibitor of uric acid transporters, NOS inhibitor L-NMMA, and Bay 11-7082, an NF-kB inhibitor. Further investigation
indicated that uric acid suppressed levels of MafA protein through enhancing its degradation. Collectively, our data
suggested that an elevated level of uric acid causes B-cell injury via the NF-kB-iNOS-NO signaling axis.
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Introduction inhibitory molecules, including IxkBo. When released from IkB,
the p50/p65 dimer translocates to the cell nucleus and regulates
downstream gene expression. Inducible nitric oxide synthase
(iNOS) is one of the major target genes of the NF-kB signaling
pathway [10]. The expression of iNOS increases in B-cells of
diabetic rodent models, leading to B-cell death. Conversely,

In the last few decades, the prevalence of hyperuricemia has
been rapidly increasing worldwide [1,2]. Meanwhile, a large body
of evidence has established the association of elevated serum uric
acid with various metabolic disorders, including gout, hyperten-

sion, atherosclerolsm, rf.:na'l dlsease.s, and 50 on [3]. The'questlon of silencing iNOS or the NF-kB gene protects against diabetes

whether hyperuricemia is associated with type 2 diabetes was d . . - . .

. ; evelopment in streptozotocin-treated mice and nonobese diabetic
raised about two decades ago. Recently, evidence has emerged mice [11,12]
,12].

from several large epidemiological studies which indicates that
people with hyperuricemia are susceptible to type 2 diabetes
[4,5,6]. However the causal mechanisms of hyperuricemia on the
development of type 2 diabetes are still poorly determined.
Impaired B-cell survival and function are major contributors to
the progression of diabetes. NF-kB activation and subsequent
nitric oxide (NO) production by inducible nitric oxide synthase
(iNOS) have been implicated in B-cell damage and death in both
type 1 and type 2 diabetes [7,8,9]. The transcription factor NF-xB
is activated by a variety of stimuli, including cellular stress and
proinflammatory cytokines. Activation of NF-kB predominantly
occurs via the release of the p50/p65 heterodimer from the
mbhibitor of kB (IxB) complex in the cytosol of the cells. This step is ) i A - ! :
induced by IkB kinase (IKK)-mediated phosphorylation of hypothesis that uric acid directly induces B-cell dysfunction, with

Insulin biosynthesis and secretion by B-cells is finely regulated
by various essential transcription factors, including MafA, PDX-1,
and NeuroD, among others. The suppression of MafA leads to a
marked reduction in insulin production [13]. Recent studies have
demonstrated that dysfunctional MafA expression at both
transcriptional and posttranslational levels leads to a loss of insulin
gene expression [14].

In the current study, designed to examine the effects of uric acid
on P-cell viability and function in the mouse, we found that uric
acid impaired insulin secretion and survival of B-cells. We also
demonstrated that uric acid increased NF-xB transcriptional
activity but decreased MafA activity. We therefore chose to test the
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the imvolvement of the NF-kB-INOS-NO pathway and the
transcription factor MafA.

Materials and Methods

Ethics Statement

Animals were treated humanely, using approved procedures in
accordance with the guidelines of the Institutional Animal Care
and Use Committee at Nanjing Medical University. The study was
approved by the Experimental Animal Ethics Committee at the
Nanjing Medical University.

Reagents and Cell Culture

Unless otherwise stated, all chemical reagents were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Min6 cells were
obtained from ATCC (American Type Culture Collection,
Manassas, USA) and maintained in 5 mM glucose DMEM
(Hyclone, Logan, UT, USA), supplemented with 10% FBS,
50 pwmol/L B-mercaptoethanol, 100 U/ml penicillin, and 0.1 mg/
ml streptomycin in 5% COy at 37°C. Uric acid solution for cell
treatments was prepared using prewarmed cell culture medium
and passed through a 2.2 um sterile filter, as previously described
[15]. Antibodies to insulin, MafA and PDX-1 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody
to Bcl-2, phospho-IkBa (Ser32), IxBoa, and NF-xB p65 were
purchased from Cell Signaling Technology (Cell Signaling
Technology, MA, USA).

Islet Isolation

Islets were isolated from 8-week-old C57BL mice (Shanghai
Experimental Animal Center of the Chinese Academy of Science,
Shanghai, China) by collagenase digestion as previously described
[16]. The islets were then cultured overnight in complete CMRL-
1066 (Invitrogen, Carlsbad, CA, USA) with 10% FBS (Hyclone),
containing 2 mM L-glutamine (Cambrex, Walkersville, MD,
USA), 100 U/ml penicillin, 100 pg/ml streptomycin, and 5 mM
glucose in 5% COy at 37°C.

Glucose-stimulated Insulin Secretion Assay

Min6 cells or isolated mouse islets (eight islets per well) were
seeded in 24-well plates and treated with uric acid for 24 h. After
incubation for 1h in glucose-free Krebs-Ringer bicarbonate
(KRB) buffer (115 mM NaCl, 4.7mM KCI, 1.2mM
MgSO,47H,0, 1.2 mM KH,PO,, 20 mM NaHCOj, 16 mM
HEPES, 2.56 mM CaCly 0.2% BSA), the cells were treated for
1 h in KRB buffer with low (3.3 mmol/L) or high (16.7 mmol/L)
concentrations of glucose [17]. After treatment, the supernatants
were obtained for the determination of insulin concentration using
radioimmunoassay as previously described [18,19].

Apoptosis Assay

Min6 or INS-1 cells were grown on glass coverslips in 24-well
plates and incubated for 48 h in complete medium with either
control, 5 mg/dL uric acid, Bayl1-7082(5 umol/L), L-
NMMA(1 mmol/L), Benzbromarone(50 wmol/L), Uric
acid(d mg/dL), Uric acid(5 mg/dL)}+Bayl1-7082(5 umol/L),
Uric acid(5 mg/dL+L-NMMA(1 mmol/L), or Uric acid(5 mg/
dL)+Benzbromarone(50 pmol/L). Cells were then fixed and
permeabilized and the TUNEL assay was performed according
to the manufacturer’s instructions (In Situ Cell Death Detection
Kit; Roche, Basel, Switzerland). Apoptosis was determined by
TUNEL assay and by scoring cells displaying pyknotic nuclei,
visualized by staining with the DNA-binding dye, Hoechst 33342
(Roche, Basel, Switzerland) [20,21].
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RNA Isolation and RT-PCR Analysis

Total RNA was extracted from cultured cells and isolated islets
using RNA isolator Total RNA Extraction Reagent (Vazyme
Biotech, Nanjing, China). cDNA was synthesized from total RNA
(1 ug) using PrimeScript® RT reagent Kit (Takara, Dalian, China)
following the manufacturer’s instructions. RT-PCR was per-
formed using SYBR® Premix Ex Taq™ (Takara, Dalian, China).
Expression of iNOS was determined using RT-PCR analysis.
Primers used to identify INOS were: forward, 5'-
CCCTTCCGAAGTTTCTGGCAGCAGCAGC-3' and reverse,
5'-GGCTGTCAGAGCCTCGTGGCTTTGG-3'. f-actin was
used as an input: forward, 5'-GCAAGTGCTTCTAGGCG-
GAC-3" and reverse, 5'- AAGAAAGGGTGTAAAACGCAGC
-3

Western Blot Analysis

Cells were washed twice in ice-cold PBS, and then solubilized in
RIPA lysis buffer (Vazyme Biotech, Nanjing, China). Samples
containing equal amounts of protein were separated on 8-12%
SDS-polyacrylamide gels. Proteins were then transferred to
nitrocellulose membranes. Membranes were blocked in 5% non-
fat milk for 1 h at room temperature. Proteins were immuno-
blotted with appropriate antibodies overnight at 4°C, followed by
binding with peroxidase-labeled secondary antibodies for 1 h at
room temperature. Immunoreactivity was detected by ECL
reagents (MultiSciences Biotech, Hangzhou, China) using a Bio-
Rad ChemiDoc™ XRS+ Universal HoodII machine.

Nitrite Assay
Released NO was measured using a Griess Assay Kit (Beyotime,
Shanghai, China) according to the manufacturer’s instructions.

Animal Model

Eight-week-old male BALB/c mice (Shanghai Experimental
Animal Center of the Chinese Academy of Science), weighing 18—
22 g, were housed in the animal facility at the Experimental
Animal Center of Nanjing Medical University with free access to
food and water. Animals were randomly divided into control
(n=8) or hyperuricemia groups (n=10). The mouse hyperurice-
mia model was generated by daily intraperitoneal injection of uric
acid (250 mg/kg, Sigma) for 4 weeks [22,23]. For the control
group, normal saline was administered. At 2 weeks and 4 weeks,
blood samples were harvested to test serum uric acid concentration
using a Serum Uric Acid Detection Kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). After 4 weeks of
injections, mice were given glucose tolerance and insulin tolerance
tests. Mice were killed and pancreases were fixed in 10%
phosphate-buffered formalin followed by paraffin embedding.

Glucose Tolerance Test

Mice were fasted overnight and injected intraperitoneally with
10% glucose solution (China Otsuka Pharmaceutical Co., Ltd.,
Tianjin, China) at 2 g/kg body weight. Blood glucose levels were
measured at 0, 30, 60, 90, and 120 min using a Roche Accu-Chek
Performa. For measuring serum insulin levels, blood samples were
collected at 0 and 30 min. Serum insulin levels were detected using
an Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem,
Downers Grove, IL, USA) [16,24].

Insulin Tolerance Test
After 6 h fasting, regular human insulin (0.75 U/kg) (Novo
Nordisk, Beijing, China) was administered to mice intraperitone-
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ally. Blood glucose levels were measured before insulin adminis-
tration and then afterwards, every 15 min, for 120 min [16,24].

Immunohistochemistry Studies

Since the mouse pancreas presents in a mesenteric pattern,
whose anatomic parts are impossible to be differentiated
accurately, thus the whole mouse pancreas was subjected to
histological analysis. Slides of 4 m sections of pancreas from each
group (control and 250 mg/kg uric acid) were stained for insulin
using anti-insulin antibody (Santa Cruz, CA, USA). 20 islets from
each group were randomly selected and used to calculate the area
of islets and the intensity of insulin staining using Image-Pro Plus
software. The immunohistochemical procedure and image anal-
ysis procedure were done according to the published approach
[25]. In brief, the intensity of insulin staining and the area of islet
were measured by two professional pathologists who were unware
of the experiment being performed. The intensity of insulin
staining was scored as 0 (absent), 1 (weak), 2 (moderate), 3 (strong),
or 4 (very strong). And the results were shown by the ration
between two groups.

Transient Transfection and Luciferase Reporter Assay

NF-xB transcriptional activity was assayed in Min6 cells using
the NF-kB luciferase reporter construct. A plasmid containing the
B-galactosidase gene driven by the cytomegalovirus promoter
(Clontech Laboratories, Palo Alto, CA, USA) was used as an
internal control. Min6 cells grown in 24-well plates were
transfected with plasmids containing the NF-xB luciferase reporter
construct and P-galactosidase using the Lipofectamine Plus
transfection kit, according to the manufacturer’s instructions
(Invitrogen, CA, USA). Twenty-four hours after transfection, the
cells were treated with or without uric acid for 6 h. After the cells
were lysed using 1Xpassive lysis buffer, luciferase activity was
determined as previously described [26].

Cycloheximide Chase Assay

Min6 cells were transfected with MafA-overexpressing plasmid.
After overnight culture, the cells were treated with 100 pg/ml
cycloheximide and 5 mg/dL wuric acid or normal medium,
followed by lysis at the indicated time points and analysis of
MafA protein levels by Western blotting.

Statistical Analysis

Statistical analysis was performed with SPSS 11.0 software.
Comparisons between groups were made using one-way ANOVA,
followed by Student’s t-test. Results are presented as means *
SEM. Values of P<<0.05 were considered to be significant.

Results

Administration of Uric Acid to Mice Results in an

Abnormal Response to Glucose

To demonstrate the effects of hyperuricemia on murine glucose
metabolism, 8-week-old BALB/c mice were given daily intraper-
itoneal injections of uric acid (250 mg/kg) for 4 weeks, while
control mice were injected with normal saline. Serum uric acid
levels were monitored to evaluate the potency of the uric acid
treatment regime. As shown in Fig. 1A, the serum uric acid levels
of mice injected with uric acid (5.03%1.05 mg/dL) were
significantly increased compared to those of the control mice
(0.63%0.15 mg/dL). To assess glucose homeostasis in the hyper-
uricemic mice, intraperitoneal glucose tolerance (2 mg/kg) and
insulin tolerance tests were performed. As shown in Fig. 1B, at
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time points 30, 60, 90, and 120 min after the start of the glucose
tolerance test, blood glucose levels were significantly elevated in
hyperuricemic mice compared with the controls. Meanwhile, mice
in the hyperuricemic group exhibited significantly lower insulin
levels at 30 min than mice in the control group (Fig. 1D). This
effect was not considered to result from the development of insulin
resistance, since uric acid treatment did not affect fasting glucose
levels (Fig. 1B), or from peripheral insulin sensitivity, as
demonstrated by insulin tolerance tests (Fig. 1C) in the hyperuri-
cemic mice.

In addition to the observation of metabolic parameters,
morphological analysis was performed to investigate the specific
effects of uric acid on pancreatic islets. In comparison to control
mice treated with vehicle alone, chronic uric acid treatment
resulted in a reduction in both insulin content and islet area in the
hyperuricemic pancreas (Fig. 1E-G; P<0.05).

Uric Acid Activates the NF-xB Signaling Pathway in
Pancreatic B-cells

Following exposure to damaging factors, including inflamma-
tory cytokines, high glucose, and elevated free fatty acids,
activation of the NF-xB signaling pathway has been reported as
a key event promoting death and dysfunction of pancreatic islet
cells [26]. Interestingly, uric acid has been observed to affect NF-
KB signaling activation in endothelial cells and proximal tubule
cells of the kidney [27,28]. These observations led us to examine
the possible involvement of NF-kB in uric acid-treated pancreatic
B-cells.

Treatment of Min6 cells with 5 mg/dL uric acid for 24 h
strongly upregulated NF-kB transcriptional activity (Fig. 2A). In
addition, the effect of uric acid on NF-kB transcriptional activity
was also significantly inhibited by 50 umol/L benzbromarone — a
specific inhibitor of uric acid transporters (Fig. 2A). The activation
of NF-kB by uric acid was also monitored by observation of the
phosphorylation of IkB, which leads to translocation of NI-xB
from the cytoplasm to the nucleus and the initiation of NF-xB
target gene expression. Western blot analysis showed that
treatment of Min6 cells with 5 mg/dL uric acid markedly
enhanced phosphorylation of IxBa in a time-dependent manner
(Fig. 2B). The expression of phosphorylated protein peaked
60 min after treatment, followed by a slow decrease over time.
It was interesting that 50 pumol/L benzbromarone attenuated the
uric acid-induced IxBo phosphorylation by 60% (Fig. 2C).
However, no difference in total p65 expression was detected
between cells treated with vehicle alone or with uric acid (Fig. 2D).
These data suggest that the administration of uric acid activates
the NF-xB signaling pathway by enhancing IkBat phosphorylation.

Uric Acid Causes Excessive Nitric Oxide Production in

Pancreatic B-cells via the NF-kB Signaling Pathway
Excessive  NO production caused by immunological and
inflammatory stimulation is regarded as one of the important
molecular mechanisms leading to apoptosis of pancreatic B-cells
[29]. Inducible nitric oxide synthase (iINOS) has been confirmed as
one of the downstream targets of the NF-kB pathway. Transcrip-
tional activation of iNOS by NF-kB leads to production of large
amounts of NO [30]. This led us to investigate the effect of uric
acid on NO production in pancreatic B-cells. Min6 cells were
treated with 0, 1, or 5 mg/dL uric acid and the production of NO
in the form of nitrite was determined. As shown in Fig. 3A,
incubation with 5 mg/dL uric acid for 24 hours yielded a
significant increase in NO production compared with the vehicle
control. The effect of uric acid on NO output was confirmed by an
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Figure 1. Administration of uric acid to mice results in an abnormal response to glucose. (A) Serum uric acid levels of mice were
significantly increased after daily injection of uric acid (250 mg/kg) for 4 weeks. (B) This figure showed the results of glucose tolerance test. The
glucose tolerance test (2 mg/kg) led to significantly elevated blood glucose levels in hyperuricemic mice compared to controls. (C) This figure
showed the results of insulin tolerance test. In the insulin tolerance test (0.75 U/kg), there was no difference in blood glucose levels between
hyperuricemic mice and control mice. (D) Plasma insulin level was significantly lower in hyperuricemic mice at 30 min than in the control group. (E)
Immunohistology using antibody to insulin showed reduced insulin content in islets from hyperuricemic mice compared with that of control mice
(original magnification, x200). (F) Fold changes in insulin content were determined in hyperuricemic mice and control mice. Insulin content was
significantly reduced in hyperuricemic mice. (G) Fold changes in islet area were determined in hyperuricemic mice and control mice. Islet area was
significantly reduced in hyperuricemic mice. *P<0.05, **P<<0.01.

doi:10.1371/journal.pone.0078284.g001

increase in iINOS mRNA expression following treatment with a
high concentration of uric acid (5 mg/dL). Expression of iNOS
mRNA was attenuated by benzbromarone (Fig. 3B) and also by
the NF-kB inhibitor BAY 11-7082 (5 umol/L) (Fig. 3C). This
difference of iNOS expression was also detected in the the islets
1solated from the hyperuricemic mice and control mice by Western
Blot Assay (Fig. S1). These data indicate that the NO overpro-
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duction induced by uric acid was mediated by activation of the
NF-xB signaling pathway.

Uric Acid Impairs B-cell Viability by Inducing Apoptosis
Since activation of the NF-kB signaling pathway and excessive
NO production have been implicated in the impaired survival
capacity of pancreatic B-cells, we investigated whether stimulation
with uric acid affected B-cell viability. Min6 cells were treated with
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Figure 2. Uric acid activates the NF-kB signaling pathway in pancreatic p-cells. (A) Treatment of Min6 cells with 5 mg/dL uric acid for 24 h
upregulated NF-kB transcriptional activity, as detected by a luciferase reporter assay. The uric acid-induced increase in NF-«B transcriptional activity
was reversed by benzbromarone. (B) IkBa phosphorylation, detected by Western blotting, increased in a time-dependent manner in Min6 cells
stimulated with 5 mg/dL uric acid at 60 mins. (C) Benzbromarone (50 umol/L) reversed the uric acid-induced increase in kB phosphorylation. (D)
Total p65 protein levels in Min6 cells, detected by Western blotting, were unaffected by treatment with different concentrations of uric acid.

*p<0.01.
doi:10.1371/journal.pone.0078284.g002

0 (vehicle control), 1, or 5 mg/dL uric acid for 48 h. Cell viability
was measured using an MT'T assay. Stimulation of Min6 cells with
uric acid (5 mg/dL) had a significant inhibitory effect on cell
viability compared with the vehicle control (Fig. 4A). Moreover,
Min6 cells treated with uric acid displayed reduced Bcl-2 protein
expression in comparison with controls (Fig. 4B). The similar trend
of Bcl-2 expression was also detected in the the islets isolated from
the hyperuricemic mice and control mice by Western Blot Assay
(Fig. S1). The effect of uric acid on apoptosis was also analyzed by
scoring cells displaying pycnotic nuclei (visualized by staining with
the DNA-binding dye, Hoechst 33342) and TUNEL assay.
Apoptosis induced by uric acid treatment was significantly
attenuated by benzbromarone, the NF-kB inhibitor BAY 11—
7082, or the NOS inhibitor L-NMMA(I mmol/L), indicating that
activation of the NF-xB signaling pathway and consequent NO
overproduction were involved in the impairment of B-cell viability
by uric acid (Fig. 4C, Fig. S2).

Uric Acid Treatment Decreases Glucose-stimulated
Insulin Secretion

Min6 cells and mouse islets were treated with 5 mg/dL uric
acid for 24 h and challenged with different concentrations of
glucose. Under baseline conditions of 3.3 mmol/L glucose, uric
acid-treated B-cells secreted an equivalent amount of insulin to the
controls. However, uric acid-treated Min6 cells and mouse islets
demonstrated a 42% and 44% decrease in insulin secretion,
respectively, compared to their controls when challenged with
16.7 mmol/L glucose (P<<0.01; Fig. 5A, B).
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Furthermore, the deleterious effect of uric acid on insulin
secretion was significantly attenuated by benzbromarone, a
specific inhibitor of uric acid transporters. To determine if NF-
kB activation and consequent NO overproduction contributed to
this uric acid-induced reduction in insulin secretion, we used the
NF-«B inhibitor BAY 11-7082 or the iNOS inhibitor L-NMMA
together with uric acid to treat Min6 cells and mouse islets. Insulin
secretion following stimulation with 16.7 mmol/L glucose was
significantly restored in uric acid-treated Min6 cells and islets by

incubation with L-NMMA or BAY 11-7082 (Fig. 5A, B).

Uric Acid Negatively Regulates MafA Expression and
Function

Insulin gene expression in adult B-cells is regulated by the
glucose-responsive transcription factors PDX-1 and MafA
amongst others. To examine whether uric acid impairment of
msulin release involves these transcription factors, we measured
the expression of these proteins in mouse islets cultured with
different concentrations of wuric acid by Western blotting.
Treatment with 5 mg/dL wuric acid for 12 h significantly
suppressed MafA but not PDX-1 protein expression in isolated
mouse islets (Fig. 6A). The similar change of MafA and PDX-1
expression was also observed in the the islets isolated from the
hyperuricemic mice and control mice by Western Blot Assay (Fig.
S1) The inhibitory effect of uric acid on MafA expression was also
confirmed by Western blotting of uric acid-treated Min6 cells
(Fig. 6B). Furthermore, the suppression of MafA expression by uric
acid was significantly reversed by benzbromarone (Fig. 6B).
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doi:10.1371/journal.pone.0078284.9003

To determine whether uric acid downregulates MafA expres-
sion by enhancing its degradation, we treated Min6 cells with the
protein synthesis inhibitor cycloheximide (CHX, 10 pg/ml) and
measured the degradation rate of MafA in the presence and
absence of uric acid. We found that MafA protein levels decreased
more rapidly in the presence of uric acid than in its absence
(Fig. 6C). Moreover, the NF-kB inhibitor BAY 11-7082 could

PLOS ONE | www.plosone.org 6

partially reverse the suppressive effect of uric acid on MafA protein
degradation (Fig. 6D).

To assess the effect of uric acid on the transcriptional activity of
MafA on its target genes, we transfected Min6 cells with a
luciferase reporter vector containing the rat Ins/ MafA recognition
element (MARE). As shown in Fig. 6E, treatment with 5 mg/dL
uric acid reduced the transcriptional activity of MafA by 46% in -
cells compared to controls treated with vehicle alone. Interestingly,
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uric acid treatment (5 mg/dL). (C) Min6 cells were treated with uric acid (5 mg/dL) for 48 h, followed by staining with TUNEL and Hoechst. Apoptosis
was determined by scoring cells displaying pycnotic nuclei. A significant increase in apoptotic cells induced by uric acid was attenuated by 50 umol/L
benzbromarone, 5 umol/L BAY 11-7082, and 1 mmol/L L-NMMA. About 2000 cells were scored for each group in one experiment. Values are means
+ SEM and are representative of three separate experiments. *P<<0.05, **P<<0.01.

doi:10.1371/journal.pone.0078284.9g004

the deleterious effect of uric acid on the transcriptional activity of and prospective studies [33,34]. However, the underlying mech-
MafA was significantly attenuated by benzbromarone or BAY 11— anism by which hyperuricemia is linked to an increased risk for
7082. diabetes is still unknown.

The current study provides evidence for the first time that uric
Discussion acid has a direct impact on pancreatic -cells through the NF-kB-

iINOS-NO pathway. We report here that the treatment of normal
mice with uric acid for 4 weeks markedly increased the serum uric
acid level in the experimental animals, and this was accompanied
by abnormally high levels of blood glucose due to the insufficient
amount of insulin produced by B-cells in response to glucose
challenge. In addition, an insulin tolerance test showed no
difference between the uric acid-treated mice and control animals,
indicating that the effects of uric acid on glucose metabolism were

Hyperuricemia, characterized by an increased level of uric acid
in the serum, has frequently been documented in individuals with
metabolic syndrome. In recent years, multiple large clinical studies
have been performed to explore the potential association of
hyperuricemia and future risk of type 2 diabetes, since metabolic
syndrome is an established risk factor for type 2 diabetes. A
positive relationship between hyperuricemia and impaired glucose
metabolism has been reported in several cross-sectional [1,31,32]
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Figure 5. Uric acid treatment decreases glucose-stimulated insulin secretion. (A) Min6 cells were treated with uric acid (5 mg/dL), uric
acid+benzbromarone (50 umol/L), uric acid+BAY 11-7082 (5 pmol/L), or uric acid+L-NMMA (1 mmol/L) for 24 h. (B) Isolated mouse islets (eight islets
per well) were treated as above. After incubation for 1 h in glucose-free KRB buffer, Min6 cells or mouse islets were treated for 1 h with KRB buffer
containing low (3.3 mmol/L) or high (16.7 mmol/L) concentrations of glucose, and the supernatant fractions were collected for insulin concentration
analysis. Uric acid treatment reduced glucose-stimulated insulin secretion by both Min6 cells and islets, and in both cases insulin secretion was

restored by all three inhibitors. *P<<0.05, **P<<0.01.
doi:10.1371/journal.pone.0078284.g005

not related to insulin resistance. We therefore attribute these
effects directly to the action of uric acid on pancreatic B-cells. In
support of this hypothesis, isolated mouse islets treated with uric
acid secreted significantly less insulin in response to glucose
stimulation than did the islets treated with vehicle alone.
Furthermore, this impaired capacity of the P-cells to secrete
insulin was significantly restored by the addition of benzbromar-
one, an inhibitor of uric acid transporters, to the culture medium
of uric acid-treated islets. It should be mentioned that the question

PLOS ONE | www.plosone.org

of whether elevated levels of uric acid impair insulin sensitivity still
remains controversial. Both insulin resistance and B-cell failure are
regarded as two key events of type 2 diabetes development. Some
studies have shown that insulin sensitivity is significantly lower in
hyperuricemic subjects, suggesting that hyperuricemia causes type
2 diabetes maybe through impaired insulin sensitivity [35,36,37].
Interestingly, some other researchers have demonstrated that the
uric acid levels of hyperuricemic patients have no effect on their
insulin sensitivity index [38]. Even in a study linking insulin
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Figure 6. Uric acid negatively regulates MafA expression and function. (A) PDX-1 and MafA protein levels were determined by Western
blotting in freshly isolated mouse islets treated with different concentrations of uric acid. Changes in expression levels of MafA relative to controls
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were also quantified. Expression of MafA but not PDX-1 was significantly reduced by uric acid (5 mg/dL). (B) MafA protein levels relative to controls
were measured in Min6 cells treated with 5 mg/dL uric acid and 50 umol/L benzbromarone. Benzbromarone significantly reversed the inhibitory
effect of uric acid on MafA expression. (C) MafA protein levels were detected in Min6 cells treated with uric acid (UA) and the protein synthesis
inhibitor cycloheximide (CHX, 10 pg/ml). MafA protein degraded more rapidly in the presence of uric acid than in controls. (D) MafA protein levels
were detected in Min6 cells treated with 5 mg/dL uric acid, 10 pg/ml cycloheximide and 5 umol/L BAY 11-7082. BAY 11-7082 partially reversed the
suppressive effect of uric acid on MafA protein degradation. (E) The transcriptional activity of MafA was measured using a luciferase reporter assay in
Min6 cells treated with uric acid (5 mg/dL), uric acid+benzbromarone (50 umol/L), or uric acid+BAY 11-7082 (5 umol/L). Uric acid reduced the
transcriptional activity of MafA by 46%, and this effect was significantly attenuated by benzbromarone or BAY 11-7082. The results are expressed as a

ratio of luciferase to B-galactosidase activity. *P<<0.05, **P<<0.01.
doi:10.1371/journal.pone.0078284.9006

resistance with hyperuricemia, Simental-Mendia et al. reported
the failure of B-cell function to compensate for variation of the
insulin  sensitivity in hyperuricemic individuals with impaired
glucose tolerance [39]. Their results also supported the hypothesis
that hyperuricemia may have a direct negative effect on pancreatic
B-cells. Since administration of uric acid for 4 weeks did not result
in any apparent effect on the insulin sensitivity of the experimental
animals in the current investigation, a further in vivo study with
longer periods of uric acid treatment may be needed to clarify the
association of hyperuricemia and insulin sensitivity.

The activation of the NF-kB-iINOS-NO signaling pathway has
been reported to lead to the cytotoxicity and apoptosis in B-cells in
both type 1 and type 2 diabetes [40,41]. In unstimulated cells, the
NF-xB heterodimers are retained in the cytoplasm by a family of
inhibitors, called IxBs. The best-studied and most important
member of this family is IkBo.. Activation of the classical pathway
of NF-xB involves the phosphorylation and subsequent degrada-
tion of IxBa, leading to the release and translocation of NF-kB to
the nucleus. This enables NI-xB to turn on the expression of
specific downstream genes with DNA-binding sites for NF-kB,
causing the given physiological or pathological responses [42]. Our
studies show for the first time that in mouse pancreatic B-cells, uric
acid caused phosphorylation of IxB and subsequent activation of
the NF-xB signaling pathway in pancreatic islets, leading to an
inflammatory effect. This observation is in agreement with
previous reports showing that uric acid activates the NIF-xB
signaling pathway in mononuclear cells, smooth muscle cells, and
rabbit proximal tubule cells [23,27,43]. iNOS is one of the major
downstream genes of the NF-xB pathway. Based on our
observations of iNOS expression and NO production in pancreatic
B-cells stimulated by uric acid, it is reasonable to speculate that
expression of the iNOS gene was induced by uric acid, at least in
part, through the NF-kB signaling pathway. This supposition is
supported by further data demonstrating that the uric acid
transporter inhibitor benzbromarone and the NF-xB inhibitor
BAY 11-7082 reduced uric acid-induced iNOS gene expression in
Min6 cells. These data suggest the involvement of the NF-xB-
iNOS-NO pathway in uric acid-induced p-cell suppression.
Indeed, in further experiments we found that uric acid treatment
resulted in the presence of markedly increased numbers of
apoptotic Min6 cells. Meanwhile, inhibition of either the NF-xB
pathway by BAY 11-7082 or of iNOS expression by L-NNMA
rendered the B-cells significantly resistant to uric acid-induced
apoptosis.

In addition to causing B-cell death, we found that treatment of
1solated mouse islets with uric acid also resulted in a significant
decrease in insulin production. This impaired B-cell function was
partially restored by the uric acid transporter inhibitor benzbro-
marone and NOS inhibitor. Next we asked the question, how does
uric acid impair glucose-stimulated insulin secretion in B-cells?
Our results demonstrated that the expression of MafA was
significantly decreased by uric acid in a dose-dependent manner. It
is of interest that uric acid reduced insulin production through
repression of MafA (Fig. 6A), but not other major insulin
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transcription factors, such as PDX-1 or NeuroD (data not shown).
It has become evident that MafA degradation through the
proteasomal system leads to defective insulin secretion by B-cells
[44,45]. Meanwhile, a growing body of evidence suggests that
nitric oxide is able to induce the degradation of various proteins
through different mechanisms [14]. Here we demonstrate that uric
acid treatment enhanced MafA degradation in Min6 cells.
Moreover, MafA stability could be restored by inhibition of NF-
kB activity. The precise mechanism by which nitric oxide
enhances MafA degradation in the uric acid-treated B-cell will
be further explored in future studies.

The normal serum uric acid level in rodents is approximately
1 mg/dL. By referring to relevant published studies [15,46], we
chose for our w vitro studies the uric acid concentrations of 1 and
5 mg/dL, which were also observed to be within the i vivo range
of uric acid levels in our hyperuricemic mice. However, we need to
emphasize that although the protective effects of inhibition of the
NF-kB-iINOS-NO axis and uric acid uptake by B-cells i vitro have
been clearly demonstrated, it remains to be determined whether
this therapeutic strategy is feasible i vivo for preventing B-cell
injury. In addition to pancreatic B-cell, other endocrinological cells
in islet, e.g. alpha cells, delta cells, are confirmed relevant to the
development of type 2 diabetes as well. It is very intriguing to
observe the impacts of uric acid on the other endocrinology cells in
pancreatic islets in addition to beta cell.

In conclusion, we have found that soluble uric acid can directly
cause P-cell death and dysfunction by activation of the NF-kB-
iNOS-NO signal axis. The underlying molecular mechanism
reported in our study provides further support for previous
epidemiological findings regarding the involvement of uric acid in
the pathogenesis of type 2 diabetes. It is worth speculating that
controlling the serum uric acid level in hyperuricemic patients may
prevent the incidence of type 2 diabetes in this particular patient
population.

Supporting Information

Figure S1 Decreased expression of MafA and Bcl-2, but
increased expression of iNOS were detected in the islets
isolated from hyperuricemic mice. Islets were isolated from
both the hyperuricemic mice and the control mice. The expression
of MafA, PDX-1, iNOS and Bcl-2 proteins in the islets was
detected using Western Blotting. Compared to the islets from
control mice, the islets isolated from hyperuricemic mice
demonstrated the downregulated expression of MafA and Bcl-2
but upregulated iINOS expression. There was no difference of
PDX-1 expression observed between the islets obtained from the
hyperuricemic and control mice.

(TIF)

Figure S2 The uric acid induced apoptosis of pancreatic
b cell was attenuated by the inhibitors of urate
transporter, iNOS and NF-kB signaling pathway. Apo-
ptosis of B-cells was observed by TUNEL Assay (original
magnification, 400 x). The cultured INS-1 cells were divided into
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the following groups: (A) Control; (B) Bay11-7082 (5 umol/L); (C)
L-NMMA (1 mmol/L); (D) Benzbromarone (50 pmol/L); (E) Uric
acid (5 mg/dL); (F) Uric acid (5 mg/dL) + Bayl1-7082 (5 pumol/
L); (G) Uric acid (5 mg/dL) + L-NMMA (1 mmol/L); (H) Uric
acid (5 mg/dL) + Benzbromarone (50 umol/L). TUNEL positive
cells were shown in green fluorescence. Apoptosis induced by uric
acid treatment was significantly attenuated by the urate trans-
porter inhibitor benzbromarone, the NF-xB inhibitor BAY 11—
7082, or the iNOS inhibitor L-NMMA (I mmol/L).

(TIF)

References

1. Conen D, Wietisbach V, Bovet P, Shamlaye C, Riesen W, et al. (2004)
Prevalence of hyperuricemia and relation of serum uric acid with cardiovascular
risk factors in a developing country. BMC: Public Health 4: 9.

2. Zhu'Y, Pandya BJ, Choi HK (2011) Prevalence of gout and hyperuricemia in the
US general population: the National Health and Nutrition Examination Survey
2007-2008. Arthritis Rheum 63: 3136-3141.

3. So A, Thorens B (2010) Uric acid transport and disease. J Clin Invest 120: 1791
1799.

4. Kodama S, Saito K, Yachi Y, Asumi M, Sugawara A, et al. (2009) Association
between serum uric acid and development of type 2 diabetes. Diabetes Care 32:
1737-1742.

5. Dehghan A, van Hoek M, Sijbrands EJ, Hofman A, Witteman JC (2008) High
serum uric acid as a novel risk factor for type 2 diabetes. Diabetes Care 31: 361~
362.

6. Krishnan E, Pandya BJ, Chung L, Hariri A, Dabbous O (2012) Hyperuricemia
in young adults and risk of insulin resistance, prediabetes, and diabetes: a 15-
year follow-up study. Am J Epidemiol 176: 108-116.

7. Corbett JA, Mikhael A, Shimizu J, Frederick K, Misko TP, et al. (1993) Nitric
oxide production in islets from nonobese diabetic mice: aminoguanidine-
sensitive and -resistant stages in the immunological diabetic process. Proc Natl
Acad Sci U S A 90: 8992-8995.

8. Corbett JA, McDaniel ML (1995) Intraislet release of interleukin 1 inhibits beta
cell function by inducing beta cell expression of inducible nitric oxide synthase.
J Exp Med 181: 559-568.

9. Thomas HE, Darwiche R, Corbett JA, Kay TW (2002) Interleukin-1 plus
gamma-interferon-induced pancreatic beta-cell dysfunction is mediated by beta-
cell nitric oxide production. Diabetes 51: 311-316.

10. Karin M, Lin A (2002) NF-kappaB at the crossroads of life and death. Nat
Immunol 3: 221-227.

11. Salehi A, Meidute Abaraviciene S, Jimenez-Feltstrom J, Ostenson CG, Efendic
S, et al. (2008) Excessive islet NO generation in type 2 diabetic GK rats coincides
with abnormal hormone secretion and is counteracted by GLP-1. PLoS One 3:
€2165.

12. Maier B, Ogihara T, Trace AP, Tersey SA, Robbins RD, et al. (2010) The
unique hypusine modification of eIF5A promotes islet beta cell inflammation
and dysfunction in mice. J Clin Invest 120: 2156-2170.

13. Kataoka K, Han SI, Shioda S, Hirai M, Nishizawa M, et al. (2002) MafA is a
glucose-regulated and pancreatic beta-cell-specific transcriptional activator for
the insulin gene. J Biol Chem 277: 49903-49910.

14. Harmon J8S, Stein R, Robertson RP (2005) Oxidative stress-mediated, post-
translational loss of MafA protein as a contributing mechanism to loss of insulin
gene expression in glucotoxic beta cells. J Biol Chem 280: 11107-11113.

15. Sautin YY, Nakagawa T, Zharikov S, Johnson RJ (2007) Adverse effects of the
classic antioxidant uric acid in adipocytes: NADPH oxidase-mediated oxidative/
nitrosative stress. Am J Physiol Cell Physiol 293: C584-596.

16. Su D, Zhang N, He J, Qu S, Slusher S, et al. (2007) Angiopoietin-1 production
in islets improves islet engraftment and protects islets from cytokine-induced
apoptosis. Diabetes 56: 2274-2283.

17. Hedeskov CJ, Capito K (1975) The pentose cycle and insulin release in isolated
mouse pancreatic islets during starvation. Biochem J 152: 571-576.

18. Chen F, Zhu Y, Tang X, Sun Y, Jia W, et al. (2011) Dynamic regulation of
PDX-1 and FoxO1 expression by FoxA2 in dexamethasone-induced pancreatic
beta-cells dysfunction. Endocrinology 152: 1779-1788.

19. Zhang HJ, Walseth TF, Robertson RP (1989) Insulin sccretion and cAMP
metabolism in HIT cells. Reciprocal and serial passage-dependent relationships.
Diabetes 38: 44-48.

20. Banakh I, Gonez L], Sutherland RM, Naselli G, Harrison LC (2012) Adult
pancreas side population cells expand after beta cell injury and are a source of
insulin-secreting cells. PLoS One 7: ¢48977.

21. Roehrich ME, Mooser V, Lenain V, Herz J, Nimpf J, et al. (2003) Insulin-
secreting beta-cell dysfunction induced by human lipoproteins. J Biol Chem 278:
18368-18375.

22. Yang Z, Xiaohua W, Lei J, Ruoyun T, Mingxia X, et al. (2010) Uric acid
increases fibronectin synthesis through upregulation of lysyl oxidase expression
in rat renal tubular epithelial cells. Am J Physiol Renal Physiol 299: F336-346.

PLOS ONE | www.plosone.org

Uric Acid Causes B-Cell Injury via NF-kb Pathway

Acknowledgments

We are sincerely grateful to Dr. Yuri Y. Sautin (University of Florida) for
providing instructions on uric acid dissolution, to Dr. Xiao Han, Dr.
Yunxia Zhu and Dr. Fang Chen (Key Lab of Human Functional
Genomics of Jiangsu Province, Nanjing Medical University) for their
helpful advice.

Author Contributions

Conceived and designed the experiments: DS L] JX YL XL. Performed the
experiments: L] JX YD YS XS WR MW JG SZ. Analyzed the data: L] DS
JX YD. Contributed reagents/materials/analysis tools: YD SZ. Wrote the
paper: DS LJ.

23. Zhou Y, Fang L, Jiang L, Wen P, Cao H, et al. (2012) Uric acid induces renal
inflammation via activating tubular NF-kappaB signaling pathway. PLoS One 7:
€39738.

24. Zhao Z, Zhao C, Zhang XH, Zheng F, Cai W, et al. (2009) Advanced glycation
end products inhibit glucose-stimulated insulin secretion through nitric oxide-
dependent inhibition of cytochrome c¢ oxidase and adenosine triphosphate
synthesis. Endocrinology 150: 2569-2576.

25. Kanter M, Akpolat M, Aktas C (2009) Protective effects of the volatile oil of
Nigella sativa seeds on beta-cell damage in streptozotocin-induced diabetic rats:
a light and electron microscopic study. J] Mol Histol 40: 379-385.

26. Zhang X, Yong W, Lv J, Zhu Y, Zhang ], et al. (2009) Inhibition of forkhead
box Ol protects pancreatic beta-cells against dexamethasone-induced dysfunc-
tion. Endocrinology 150: 4065-4073.

27. Han HJ, Lim MJ, Lee Y], Lee JH, Yang IS, et al. (2007) Uric acid inhibits renal
proximal tubule cell proliferation via at least two signaling pathways involving
PKC, MAPK, ¢cPLA2, and NF-kappaB. Am J Physiol Renal Physiol 292: F373—
381.

28. Rabadi MM, Kuo MC, Ghaly T, Rabadi SM, Weber M, et al. (2012)
Interaction between uric acid and HMGBI translocation and release from
endothelial cells. Am J Physiol Renal Physiol 302: F730-741.

29. Oyadomari S, Takeda K, Takiguchi M, Gotoh T, Matsumoto M, et al. (2001)
Nitric oxide-induced apoptosis in pancreatic beta cells is mediated by the
endoplasmic reticulum stress pathway. Proc Natl Acad Sci U S A 98: 10845—
10850.

30. Han X, Sun Y, Scott S, Bleich D (2001) Tissue inhibitor of metalloproteinase-1
prevents cytokine-mediated dysfunction and cytotoxicity in pancreatic islets and
beta-cells. Diabetes 50: 1047-1055.

31. Lin SD, Tsai DH, Hsu SR (2006) Association between serum uric acid level and
components of the metabolic syndrome. J Chin Med Assoc 69: 512-516.

32. Onat A, Uyarel H, Hergenc G, Karabulut A, Albayrak S, et al. (2006) Serum
uric acid is a determinant of metabolic syndrome in a population-based study.
Am J Hypertens 19: 1055-1062.

33. Oda E, Kawai R (2009) Serum uric acid levels improve prediction of incident
type 2 diabetes in individuals with impaired fasting glucose: the Rancho
Bernardo study: response to Kramer et al. Diabetes Care 32: ¢125; author reply
el26.

34. Nan H, Qiao Q, Soderberg S, Pitkaniemi J, Zimmet P, et al. (2008) Serum uric
acid and incident diabetes in Mauritian Indian and Creole populations. Diabetes
Res Clin Pract 80: 321-327.

35. Meisinger C, Doring A, Stockl D, Thorand B, Kowall B, et al. (2012) Uric acid is
more strongly associated with impaired glucose regulation in women than in
men from the general population: the KORA F4-Study. PLoS One 7: ¢37180.

36. Ishizaka N, Ishizaka Y, Toda E, Nagai R, Yamakado M (2005) Association
between serum uric acid, metabolic syndrome, and carotid atherosclerosis in
Japanese individuals. Arterioscler Thromb Vasc Biol 25: 1038-1044.

37. Abreu E, Fonseca MJ, Santos AC (2011) [Association between hyperuricemia
and insulin resistance]. Acta Med Port 24 Suppl 2: 565-574.

38. Wang T, Bi Y, Xu M, Huang Y, Xu Y, et al. (2011) Serum uric acid associates
with the incidence of type 2 diabetes in a prospective cohort of middle-aged and
elderly Chinese. Endocrine 40: 109-116.

39. Simental-Mendia LE, Rodriguez-Moran M, Guerrero-Romero F (2009) Failure
of beta-cell function to compensate lack of insulin action in hyperuricemic
subjects. Diabetes Metab Res Rev 25: 535-541.

40. CaiK, Qi D, Hou X, Wang O, Chen J, et al. (2011) MCP-1 upregulates amylin
expression in murine pancreatic beta cells through ERK/JNK-AP1 and NF-
kappaB related signaling pathways independent of CCR2. PLoS One 6: ¢19559.

41. Melloul D (2008) Role of NF-kappaB in beta-cell death. Biochem Soc Trans 36:
334-339.

42. Rayet B, Gelinas C (1999) Aberrant rel/nfkb genes and activity in human
cancer. Oncogene 18: 6938-6947.

43. Kanellis J, Watanabe S, Li JH, Kang DH, Li P, et al. (2003) Uric acid stimulates
monocyte chemoattractant protein-1 production in vascular smooth muscle cells
via mitogen-activated protein kinase and cyclooxygenase-2. Hypertension 41:
1287-1293.

October 2013 | Volume 8 | Issue 10 | e78284



Uric Acid Causes B-Cell Injury via NF-kb Pathway

44. Matsuoka TA, Kaneto H, Miyatsuka T, Yamamoto T, Yamamoto K, et al. 46. Baldwin W, McRae S, Marek G, Wymer D, Pannu V, et al. (2011)
(2010) Regulation of MafA expression in pancreatic beta-cells in db/db mice Hyperuricemia as a mediator of the proinflammatory endocrine imbalance in
with diabetes. Diabetes 59: 1709-1720. the adipose tissue in a murine model of the metabolic syndrome. Diabetes 60:

45. Zhu Y, Ma A, Zhang H, Li C (2013) PPARgamma Activation Attenuates 1258-1269.

Glycated-Serum Induced Pancreatic Beta-Cell Dysfunction through Enhancing
Pdx1 and Mafa Protein Stability. PLoS One 8: ¢56386.

PLOS ONE | www.plosone.org 12 October 2013 | Volume 8 | Issue 10 | e78284



