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Clinical studies have shown a link between hyperuricemia
(HU) and diabetes, while the exact effect of soluble serum
urate on glucose metabolism remains elusive. This study
aims to characterize the glucose metabolic phenotypes
and investigate the underlying molecular mechanisms us-
ing a novel spontaneous HU mouse model in which the
uricase (Uox) gene is absent. In an attempt to study the role
of HU in glycometabolism, we implemented external stim-
ulation on Uox knockout (KO) and wild-type (WT) males
with a high-fat diet (HFD) and/or injections of multiple low-
dose streptozotocin (MLD-STZ) to provoke the potential
role of urate. Notably, while Uox-KO mice developed glu-
cose intolerance in the basal condition, no mice sponta-
neously developed diabetes, even with aging. HFD-fed
Uox-KO mice manifested similar insulin sensitivity com-
pared with WT controls. HU augmented the existing
glycometabolism abnormality induced by MLD-STZ and
eventually led to diabetes, as evidenced by the increased
random glucose. Reduced b-cell masses and increased
terminal deoxynucleotidyl TUNEL-positive b-cells sug-
gested that HU-mediated diabetes was cell death de-
pendent. However, urate-lowering therapy (ULT) cannot
ameliorate the diabetes incidence or reverse b-cell apo-
ptosis with significance. ULT displayed a significant ther-
apeutic effect of HU-crystal–associated kidney injury and
tubulointerstitial damage in diabetes. Moreover, we pres-
ent transcriptomic analysis of isolated islets, usingUox-KO
versus WT mice and streptozotocin-induced diabetic WT
(STZ-WT) versus diabetic Uox-KO (STZ-KO) mice. Shared
differentially expressed genes of HU primacy revealed

Stk17b is a possible target gene in HU-related b-cell
death. Together, this study suggests that HU accelerates
but does not cause diabetes by inhibiting islet b-cell
survival.

Hyperuricemia (HU), a metabolic condition characterized
by elevated serum urate (SU), is a primary cause of gout.
Epidemiological studies have demonstrated the rapid in-
creasing prevalence of HU worldwide in the last decades
(1–3). Although some recent studies have highlighted the
connection between SU and glucose homeostasis and in-
dicated that each 1 mg/dL increase in SU was accompanied
by a 17% increase in the risk of type 2 diabetes (4,5), there
is no conclusion of a causal relationship between HU and
diabetes. The Mendelian randomization study by Sluijs
et al. (6) did not support a causal effect of circulating urate
on diabetes onset and thus concluded that urate-lowering
therapies (ULTs) may therefore not be beneficial in re-
ducing diabetes risk. Therefore, whether or how SU is
involved in disrupting glucose homeostasis remains elu-
sive. Moreover, the investigation of the possible relation-
ship between urate and glucose metabolism has been
hindered by the lack of an appropriate animal model.

The etiology of diabetes is multifactorial, including
insulin resistance, defective insulin secretion, and loss of
b-cell mass through b-cell apoptosis. Adequate insulin
secretion from pancreatic b-cells is necessary to maintain
blood glucose homeostasis. Notably, the apoptosis and the
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subsequent loss of function of pancreatic b-cells is the
major contributor to the progression of diabetes. Although
the relationship between HU and diabetes has been im-
plicated, the molecular underpinnings of diabetic b-cell
apoptosis promoted by HU remain poorly understood. One
piece of evidences from Jia et al. (7) demonstrated that
soluble urate can directly cause b-cell death and dysfunc-
tion by activation of the nuclear factor-kB–inducible nitric
oxide synthase–nitric oxide (NF-kB–iNOS–NO) signal axis
in vitro. Thus, understanding the mechanisms of b-cell
survival in basal or stress conditions associated with HU is
imperative for creating new strategies to prevent and
manage diabetes, especially for HU individuals.

Uricase (Uox) expressed in rodents can further degrade
uric acid into allantoin (8), which has hindered the estab-
lishment of suitable rodent models for HU (9). We pre-
viously established a spontaneous HU mouse model with
Uox gene deficiency that is characterized by long-term
stable SU levels (7–9 mg/dL) (10). This animal model
lays a foundation for further glycometabolism investi-
gations. In the current study, we address the following
questions: 1) whether the Uox-KO mouse develops spon-
taneous glucose abnormities (such as insulin resistance,
compromised b-cell functions) and even diabetes, 2) whether
HU imposes stresses on glucose phenotypes or pancreatic
b-cells with additional high-fat diet (HFD) and/or strepto-
zotocin (STZ) stimulation in the Uox gene-deficiency mouse
model, and 3) how urate works in mouse isolated islets if we
have evidence that urate attacks pancreatic b-cells.

RESEARCH DESIGN AND METHODS

Animals
Uox knockout (KO) mice and their wild-type (WT) counter-
parts (C57BL/6J background) were generated as previ-
ously described (10). Briefly, a region of 28 base pairs in
exon 3 of the Uox gene was deleted using the transcription
activator-like effector nuclease technique. The animals were
maintained in a temperature-controlled room (22°C), with
humidity at 55%, and on a 12-h light-dark cycle (lights on
from 7:00 A.M. to 7:00 P.M.) under specific pathogen-free
conditions. After a 2-week acclimation period, 8-week-old
mice were randomly assigned to two groups (1:1) and fed
with an HFD (45% total fat, 35% protein, and 20%
carbohydrate) or a regular chow diet ad libitum with
free access to water for 20 weeks.

To provoke the potential role of urate in animals, we fed
mice the HFD (45% fat, 35% protein, and 20% carbohydrate)
for 1 week and then injected them with multiple low-dose
STZ (MLD-STZ, 40mg/kg bodywt i.p.) daily for 5 consecutive
days. Specifically, STZ was freshly dissolved in 0.1 mol/L
citrate buffer (pH 4.5). For comparison, mice were admin-
istered STZ and fed a normal diet. Random-fed (9:00–10:00
A.M.) blood glucose levels were determined by glucometer
(ACCU-CHEK Inform; Roche Pharmaceuticals). To evaluate
the effect of ULT, pegloticase (also known as Krystexxa
or Puricase), purchased from Horizon Pharma, was ad-
ministrated to mice by tail vein injection at a dose of

0.5 mg/kg, with the first injection on the first day of the
MLD-STZ intervention, and the second injection was on
the 10th day of the MLD-STZ intervention.

Male mice were used for all studies shown, and the age
of mice is indicated in the figures. This study was approved
by the Affiliated Hospital of Qingdao University Animal
Research Ethics Committee.

Blood Biochemistry
Mice were fasted overnight before serum biochemical tests.
Blood was collected from the outer canthus the next morn-
ing. SU levels were measured immediately from the serum of
anesthetized breathing mice (11), using an automatic bio-
chemical analyzer (Toshiba, Tokyo, Japan). Serum creat-
inine levels and lipid profiles, including total cholesterol
(TC), triglycerides (TG), and HDL and LDL cholesterol were
assessed by the automatic biochemical analyzer (Toshiba) as
well. Blood glucose levels were monitored by tail bleeding
with a glucometer (ACCU-CHEK Inform). Diabetes was de-
fined as a random blood glucose of $16.7 mmol/L (12).

Glucose Tolerance Test, Insulin Tolerance Test, and
Glucose-Stimulated Insulin Secretion
Mice were fasted for 8 h before a glucose tolerance test
(GTT) or insulin tolerance test (ITT) and then injected with
D-glucose at 2 g/kg body wt i.p. or 1 unit/kg insulin (Humulin
R; Eli Lilly). Blood was collected at predetermined times (0,
15, 30, 60, and 120 min) after the glucose injection, and the
blood glucose levels were determined using a glucometer
(ACCU-CHEK Inform).

Glucose-stimulated insulin secretion (GSIS) testing in vivo
and in vitro was performed. Briefly, mice were fasted for 8 h
and injected with 2 g/kg D-glucose i.p., and serum insulin
levels were tested at 0, 15, 30, and 60 min for in vivo GSIS.
For in vitro GSIS, isolated islets were purified and harvested
by handpicking under a stereomicroscope as described below.
The islets (10 per well) were seeded in 24-well plates and then
cultured in complete RPMI 1640 (Gibco, Life Technologies)
with 10% FBS (HyClone; GE Healthcare, Little Chalfont,
U.K.) in 5% CO2 at 37°C overnight. After incubation for 1 h
in glucose-free Krebs buffer (115 mmol/L NaCl, 4.7 mmol/L
KCl, 1.2 mmol/L MgSO4, 1.2 mmol/L KH2PO4, 20 mmol/L
NaHCO3, 16 mmol/L HEPES, 2.56 mmol/L CaCl2, and 0.2%
BSA), the islets were treated for 1 h in Krebs buffer with low
(3.3 mmol/L) or high (16.7 mmol/L) concentrations of glu-
cose. After treatment, the supernatants were obtained for
determination of insulin concentration with an ultrasensitive
ELISA kit (ALPCO Diagnostics, Salem, NH).

Pathology Analysis
Mice were sacrificed to extract their pancreas for the
pathology analysis. The pancreas was immediately dis-
sected, weighed, and fixed in 10% formalin on ice for
30 min, followed by paraffin embedding of 5-mm serial
sections. Tissue serial sections were stained by hema-
toxylin-eosin (HE) and separately incubated with anti-
insulin (1:200) (ab7842; Abcam) rabbit polyclonal antibodies
for immunohistochemistry. Primary islet apoptosis was
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analyzed by the terminal deoxynucleotidyl TUNEL tech-
nique according to the manufacturer’s instructions (cata-
log no. 11684795910; Roche). The samples were stained
with DAPI to visualize total cells. Pancreatic sections were
also immunostained with anti-insulin antibody to identify
b-cells. b-Cell fractional area was determined by quanti-
fying the percentage of insulin-positive pancreas area as
a total of the full pancreas area for each section, followed
by averaging of six sections per mouse. Images were
analyzed using the Pannoramic Digital Slide Scanner.
The insulin-positive areas were analyzed by Image-Pro
Plus 6 software. b-Cell mass was calculated by multi-
plying the b-cell fractional area with the initial pancre-
atic wet weight.

The kidneys were removed, fixed in 10% formalin, em-
bedded in paraffin, and then cut into 4-mm sections. The
sections were used for HE, periodic acid Schiff–methenamine
(PASM) staining, and periodic acid Schiff (PAS) staining. The
percentage of tubule injuries was assessed by scoring six renal
cortical tubule sections in randomly selected fields for each
group. The glomerulosclerosis index (GSI) was calculated as
[(13N1)1 (23N2)1 (33N3)1 (43N4)]/(N01 N11
N21N31N4), whereNx was the number of glomeruli with
each given score (0 for normal glomeruli, 1 for up to 25%
involvement, 2 for up to 50% involvement, 3 for up to 75%
involvement, and 4 for.75% sclerosis). The average GSI was
analyzed based on three given PAS staining sections for each
group. Renal crystal sections were obtained from absolute
ethanol-fixed kidneys to detect urate crystals under polarized
light. The urate crystal areas in each group were calculated by
the Image-Pro Plus 6.0 system.

Islets Isolation
Pancreatic islets were isolated from mice with digestive
enzyme (13,14). Briefly, a mouse was euthanized with CO2,
followed by cervical dislocation, and then placed supine
under a stereomicroscope, with the abdomen cleaned with
75% ethanol. A laparotomy was performed by cutting the
skin and themuscular tissue of the thorax with a V-incision
from the pubic region up to the diaphragm to expose the
abdominal cavity. The common bile duct close to the
duodenum was ligated for the retrograde puncture of
the common bile duct, followed by a slow perfusion of
3 mL prechilled collagenase IV (catalog no. C5138S;
Sigma-Aldrich) at 0.5 mg/mL concentration (dissolved
in Hanks’ balanced salt solution) to fully expand the
pancreatic body and tail. The pancreas was then excised
and digested at 37°C for 11 min. Islets were purified in
Histopaque-1077 (catalog no. 10771; Sigma-Aldrich) by
vortexing gently for several seconds.

Microarrays

RNA Isolation and Quantification
Isolated islets from mice were prepared for the following
RNA extraction. Briefly, total RNAwas extracted and purified
using RNeasy Micro Kit (catalog no. 74004; QIAGEN), fol-
lowing the manufacturer’s instructions, and checked for

a registrant identification number to inspect RNA in-
tegration by an Agilent Bioanalyzer 2100 (Agilent Tech-
nologies). Only those samples with a 260 nm–to–280
nm ratio between 1.8 and 2.1, a 28S-to-18S ratio within
1.5 and 2.0, and gel electrophoresis that showed clear 28S
and 18S bands and a weak 5S strip were further processed.

Library Preparation
Total RNA samples (100–1,000 ng) were polyA enriched,
reverse-transcribed into double-stranded cDNA, and then
labeled by Low Input Quick Amp Labeling Kit (catalog no.
5190-2305; One-Color; Agilent Technologies) following the
manufacturer’s instructions. Each slide was hybridized with
600 ng Cy3-labeled cRNA using the Gene Expression Hy-
bridization Kit (catalog no. 5188-5242; Agilent Technologies)
in a hybridization oven.Microarraywas performed onAgilent
platform using Agilent SurePrint G3 Mouse Gene Expression
Microarray 8 3 60K chips (Agilent Technologies).

Data Analysis
Data were extracted with Feature Extraction 10.7 software
(Agilent Technologies). We used a cutoff of normalized
array values (log2-transformed values .2.0 or ,0.5) for
islet tissue transcripts. Raw data were normalized by quantile
algorithm. Limma and agilp packages were loaded in R 3.4.1
software.

Statistical Analysis
All experimental statistical analyses were performed using
GraphPad Prism 8 software (GraphPad). For two-group
comparisons, the Student t test was used. For multiple
comparisons, one-way ANOVA, followed by a Dunnett test,
was used to compare each group versus a vehicle-treated
group. Data are presented as mean 6 SEM. Differences
with P , 0.05 were considered statistically significant.

Data and Resource Availability
The data discussed in this publication have been deposited
in the National Center for Biotechnology Information
Gene Expression Omnibus and are accessible through
GEO Series accession number GSE142421 (https://www
.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc5GSE142421).

RESULTS

Uox-KO Mice Develop Glucose Intolerance but Not
Diabetes
In our previous study, we successfully established the
mouse model with Uox gene (which is mainly expressed in
liver) (Supplementary Fig. 1) deficiency to mimic human
HU (10). Shown in Fig. 1A, SU levels in Uox-KO male mice
were dramatically increased compared with WT mice (P ,
0.001) and stabilized at elevated levels (7–9 mg/dL) from
8 to 56 weeks of age. No difference in body weight was
observed between age-matched Uox-KO and WT mice (Fig.
1B). HU did not alter fasting blood glucose or plasma
insulin levels even with aging (from 8 to 56 weeks) (Fig. 1C
and D). As for lipid profiles, no difference was shown in TC
or HDL and LDL cholesterol between Uox-KO males and
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their WT counterparts, whereas TG were significantly
lower in Uox-KO mice compared with WT mice at each
age point (P , 0.001 at 8 weeks, 24 weeks, and 56 weeks)
(Fig. 1E–H).

GTT and ITT were performed in mice to further assess
the impact of HU on glucose homeostasis. In basal con-
dition, Uox-KO males showed a significant impairment in
glucose tolerance, indicated by remarkable elevated blood
glucose concentrations at 15 and 30 min after 2 g/kg
glucose administration at 8 and 24 weeks of age (Fig. 2A
and B) and at 30 min when they were 56 weeks old (Fig.
2C). ITT revealed no insulin resistance in Uox-KO males,
even with prolonged HU stress (Fig. 2D–F). These data
show Uox-KO male mice do not develop diabetes spon-
taneously though with aging.

HU Does Not Impair Insulin Sensitivity in HFD-Fed Mice
We fed Uox-KO male mice and the control WT littermates
with the HFD or the normal chow diet, starting at 8 weeks
of age, and continued for 20 weeks. Both genotypes dis-
played comparable SU levels and circulating lipids (includ-
ing TC and HDL and LDL cholesterol) before and after
the experimental feeding (Table 1). The HFD elevated TC,
TG, and LDL cholesterol and decreased HDL cholesterol
in both genotypes (Table 1). After 20 weeks of exposure
to the HFD, the WT mice showed increased body weight
compared with the Uox-KO mice (Table 1). Although
plasma insulin levels displayed a significant elevation in
HFD-fed WT mice compared with chow diet–fed mice, the
HFD-fed Uox-KO mice showed a dramatic reduction in
plasma insulin levels compared with the HFD-fed WT mice
(Table 1). This result indicates a failure of compensatory
insulin production by pancreatic b-cells in Uox-KO mice.

We also performed GTT and quantified the area under
the curve (AUC) that integrates the values from 0 to
120 min of GTT. After 20 weeks of being fed with the
chow diet or HFD, blood glucose in WT and Uox-KO male
mice was restored to normal concentrations at 120 min
after the glucose challenge (Fig. 3A), despite that a higher
peak at the 30-min point was observed in HFD-fed Uox-KO
mice. However, after 20 weeks of being fed the HFD,
both genotypes exhibited a retarded glucose clearance
compared with mice fed the normal chow diet (Fig. 3A).
Remarkably, the blood glucose levels in HFD-fed Uox-KO
mice were sustained at a dramatically higher level over
the whole course of GTT compared with HFD-fed WT
controls (Fig. 3A), resulting in a significant increase in
the AUC of the GTT (Fig. 3B) and indicative of severe
glucose intolerance.

The development of glucose dysmetabolism is ultimately
attributable to impaired insulin action or insufficient insulin
production, or both. To clarify whether insulin resistance
accounts for the glycol-metabolic disorders in HFD-fed
Uox-KO mice, we used an ITT. Compared with the chow
diet, the disappearance of glucose after the insulin chal-
lenge was comparable by the HFD (Fig. 3C), displaying no
insulin resistance in diet-induced Uox-KO male mice. The

AUC of the ITT was comparable between HFD-fed WT and
Uox-KO mice as well (Fig. 3D), suggesting an equivalent
degree of insulin resistance in the two genotypes.

Islet function was determined by in vivo and in vitro
GSIS. Similar to the results of Uox-KO mice islet function
in our previous study (10), HFD-fed Uox-KO mice secreted
a significantly lower amount of insulin at 15 and 30 min
(Fig. 3E), consistent with the GTT results above. Although
isolated islets derived from HFD-fed Uox-KO mice secreted
a similar amount of insulin as HFD-fed WT islets at low
glucose concentration (3.3 mmol/L), insulin secretion was
decreased by 22.6% in HFD-fed Uox-KO islets at a high
glucose concentration (16.7 mmol/L), as shown in Fig. 3F.
Collectively, these data suggest that HU impairs GSIS in
HFD-fed Uox-deficient males, contributing to increased
glucose intolerance.

HU Induces Diabetes With External MLD-STZ
Stimulation
Given HU compromised b-cell functions and impaired glu-
cose tolerance, we suppose urate worsens hyperglycemia in
an established model of diabetes induced by HFD 1 MLD-
STZ (40 mg/kg/day for 5 days). Pegloticase, an approved
recombinant porcine-like uricase drug, was indicated for the
treatment of HU mice. As indicated by Fig. 4A, the random
glucose levels in STZ-induced diabeticUox-KO (STZ-KO)mice
elevated markedly on day 7, and then severe hyperglycemia
developed, which over time resulted in uncontrolled diabetes
(day 0 vs. day 7, P , 0.01; day 0 vs. day 8–20, P , 0.001),
whereas the STZ-induced diabetic WT (STZ-WT) mice
showed stable glucose levels on the first 8 days (P .
0.05) and were significantly elevated afterward (P ,
0.01). Consistent with the previous reports, a low
dose of STZ enhanced random glucose, and 23.1% of
the mice developed diabetes. However, 87.5% of the
STZ-KO mice exhibited average random blood glucose
levels.16.7 mmol/L on day 11 and afterward (Fig. 4B). ULT
lowered the diabetes incidence, although without a significant
difference, and ultimately reached 75.0% in STZ-KOmice (Fig.
4B). Furthermore, ULT delayed the diabetes onset from day
7 to day 10 (Fig. 4B). Therefore, MLD-STZ stimuli could
accelerate the development of diabetes, and ULT can only
partially reverse this deterioration in STZ-KO males.

HU-Related Diabetes Is Manifested by Increased
b-Cell Apoptosis
For determination of whether impaired glucose intoler-
ance was caused by a reduction in b-cell number and islet
mass, we extracted mice pancreas tissues for further
analysis. No apparent histological lesions, stained with
HE or with antibodies against insulin, were detected in
the pancreatic islets of the Uox-KO males and controls
(Fig. 5A and B). Pancreatic sections were coimmunos-
tained with anti-insulin antibody to visualize b-cells.
Compared with the control groups, pancreatic insu-
lin content was lower in STZ-KO mice than in control
mice (Fig. 5A and B). Accordingly, relative b-cell mass,
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determined by insulin immunoreactivity, was 62% lower
in STZ-KO mice (Fig. 5A and B). To determine whether
cell death contributes to reduced b-cell mass in STZ-KO

mice, we measured islet apoptosis by TUNEL staining.
The number of TUNEL-positive b-cells was higher in
STZ-KO mice than in control mice (Fig. 5C and D),

Figure 1—General characteristics of Uox-KO male mice and WT counterparts stratified by age. A: SU levels were measured at the age of 8,
24, and 56 weeks in KO and WT mice (n 5 9). B: Body weights were evaluated accordingly (n 5 8). Fasting blood glucose (C) and fasting
plasma insulin (D) were detected (n 5 5–8). Lipid profiles, including TC (E ), TG (F ), LDL cholesterol (G), and HDL cholesterol (H) were
determined in 8-, 24‐, and 56-week-old mice (n 5 6–8). ***P , 0.001. Data are expressed as mean 6 SEM.
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tending to a 42% increase (Fig. 5C and D). This finding
suggests HU promotes not only the loss of b-cell mass but
also apoptosis of the pancreatic b-cell in STZ-KOmice. These
morphological alterations are consistent with the changes in
plasma insulin levels, indicating that b-cell apoptosis chiefly
contributes to the onset of diabetes in STZ-KO males.

We next asked whether ULT would be able to reverse
the pancreatic b-cell apoptosis with MLD-STZ in HU mice.
Shown in Fig. 6A, the b-cell masses were significantly
smaller in STZ-KO males than in STZ-WT controls (P ,
0.001). However, the ULT did not reverse the loss of
b-cell mass (STZ-KO vs. ULT-KO, P . 0.05) (Fig. 6A).
MLD-STZ exaggerated the islet b-cell death compared
between STZ-KO and STZ-WT mice, indicated by TUNEL
staining (Fig. 6B). Consistently, the number of TUNEL-

positive b-cells was significantly higher in STZ-KO mice
than in their controls (Fig. 6C). However, no significant
decreases in TUNEL-positive b-cell signals (Fig. 6B) or
analysis numbers (STZ-KO vs. ULT-KO, P . 0.05) (Fig.
6C) were detected after 21 days of ULT in STZ-induced
Uox-KO mice. Thus, our findings did not support the
benefits of ULT on b-cell vitality.

ULT Ameliorates Tubulointerstitial Injury in Diabetes
To evaluate renal changes after STZ stimulation and ULT
intervention, we did kidney functional and histological
experiments in both genotypes. SU levels were significantly
higher in STZ-induced Uox-KO male mice than in their WT
controls (P , 0.001) (Fig. 7A). The same results were
shown in serum creatinine levels, which are indicators of

Figure 2—HU impairs glucose tolerance in Uox-KO male mice. GTT were performed in Uox-KO mice and WT controls with a 2 g/kg glucose
i.p. injection after 8 h fasting at the age of 8 weeks (A), 24 weeks (B), and 56 weeks (C ), separately (n 5 6). D–F: Insulin (1 unit/kg) was
administrated i.p. after 8 h fasting for ITT in 8-, 24‐, and 56-week-oldmice (n5 6). *P, 0.05, **P, 0.01. Data are expressed as mean6 SEM.
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renal function (P , 0.001) (Fig. 7B). ULT increased renal
function in STZ-KO males, displaying significant decreases
in SU and creatinine levels (P , 0.001) (Fig. 7A and B).

STZ-KO mice showed dilated Bowman spaces and tubules
and collapsed and necrotic nephrons by pathological analysis
(Fig. 7C). The tubular damage was significantly severe, with
tubular dilation, detachment of tubular epithelial cells, and
condensation of tubular nuclei appearance in STZ-KO mice
(Fig. 7C). ULT prevented the development of these lesions
indicated by decreased percentage of tubular damage in
ULT-KO mice (Fig. 7D). PASM staining exhibited obvious
glomerular mesangial hyperplasia, increased glomerular ma-
trix, and thickened glomerular basement membrane in di-
abetic STZ-KO mice compared with their WT controls (Fig.
7C). PAS staining documented glomerular mesangial expan-
sion and glomerular sclerosis, early features of diabetic
nephropathy, in STZ-KO mice compared with STZ-WT
mice (Fig. 7C). The GSI, calculated by PAS staining sections,
was increased in STZ-KO mice compared with STZ-WT mice
(P , 0.05) (Fig. 7E). However, ULT did not prevent the
glomerular injury in STZ-induced HU mice as quantified by
GSI (Fig. 7E). HU STZ-KOmice showed significant renal urate
crystal deposits (P. 0.05) (Fig. 7C). Crystals were dissolved
by ULT in STZ-KO mice with decreased urate crystal areas
(P, 0.001) (Fig. 7F). The histological analysis presented that
ULT exhibited a significant therapeutic effect of HU-crystal–
associated kidney injury and tubulointerstitial injury mani-
festation in diabetic nephropathy.

Differentially Expressed Genes in HU and/or Diabetic
Mice
We then wondered whether differentially expressed genes
(DEGs) in islets of the HU and/or diabetic mice would
explain the molecular mechanism of urate on impaired
glucose metabolism. Microarray data were represented by
heat maps (Fig. 8A and B) in subgroup comparisons of
Uox-KOmice versus Uox-WTmice and STZ-KOmice versus
STZ-WT mice. We selected the genes based on adjusted
P, 0.05 and absolute fold change.2. In Uox-KO versus
Uox-WT groups, 850 of 2,018 genes were upregulated
and 1,168 of 2,018 genes were downregulated (Fig. 8C).

Whereas in STZ-KO versus STZ-WT groups, 29 of 171 genes
were upregulated and 142 of 171 genes were downregulated
(Fig. 8D). When compared between Uox-KO versus Uox-WT
and STZ-KO versus STZ-WT groups together, one gene
(Stk17b) was shared in the upregulated DEGs and five
genes (Fut4-ps1, Erich3, 1700027H10Rik, Kcnh2, and
Klhl32) in the downregulated gene set (Fig. 8C and
D). These shared genes were the urate primacy func-
tioning genes. It is notable that the shared upregulated
gene, Stk17b, plays a key role in a wide variety of cell
death signaling pathways.

DISCUSSION

Whether HU is a causal or noncausal factor for diabetes
remains controversial. Although numerous clinical studies
have showed that HU predicts the development of diabetes
and that the ULT could reduce the diabetes incidence or
fasting glucose levels accordingly, the causal relationship
between HU and diabetes and related mechanisms remains
elusive. The current study firstly demonstrated that HU
augmented the existing glycometabolism abnormality in-
duced by MLD-STZ and induced diabetes by promoting
not only the loss of b-cell mass but also pancreatic b-cell
apoptosis in STZ-induced Uox-KO male mice. Although
HU increased the incidence of diabetes when accompa-
nied with STZ stimuli, ULT can only ameliorate the in-
cidence by a small proportion without significant statistical
differences. In addition, our transcriptomic results indi-
cated that Stk17b is a possible target gene in HU-induced
b-cell apoptosis.

Multiple lines of evidence have shown the association
between HU and diabetes. A community-based study in the
U.S. demonstrated the risk of diabetes incidence increased
18% with every 1 mg/dL SU elevation, and the association
remained significant after adjustment for fasting glucose
and insulin levels (15). The diabetes incidence was 19% for
SU#7 mg/dL patients, 23% for SU 7 mg/dL to#9 mg/dL,
and 27% for SU .9 mg/dL in an 80-month follow-up
investigation that included 1,923 U.S. veterans (15). This
study also indicated ;8.7% of all new cases of diabetes
were statistically attributed to HU (15). The age- and

Table 1—Body weight and serum biochemical profiles of Uox-KO and WT mice after 20 weeks on an HFD or normal chow diet

Characteristic

WT (n 5 8) KO (n 5 8)

Chow HFD Chow HFD

SU (mg/dL) 2.51 6 0.24 2.66 6 0.28 8.58 6 0.40### 8.49 6 0.55###

TC (mmol/L) 2.88 6 0.08 4.30 6 0.15** 2.74 6 0.10 4.05 6 0.34**

TG (mmol/L) 1.44 6 0.05 1.85 6 0.20** 1.13 6 0.07 1.78 6 0.30**

LDL cholesterol (mmol/L) 0.94 6 0.05 1.26 6 0.19* 1.01 6 0.08 1.35 6 0.20*

HDL cholesterol (mmol/L) 0.92 6 0.04 0.81 6 0.10* 0.88 6 0.09 0.73 6 0.25*

Body weight (g) 32.7 6 0.66 35.9 6 0.58*** 31.5 6 0.74 34.1 6 0.81***##

Plasma insulin (ng/mL) 0.53 6 0.04 0.58 6 0.04 0.80 6 0.05# 0.32 6 0.03***##

Data are expressed as mean 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001, chow diet vs. HFD; #P , 0.05, ##P , 0.01, ###P , 0.001, WT
vs. KO.
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sex-adjusted hazard ratio for diabetes was 2.83 for the
fourth quartile of SU in subjects from the Rotterdam study
(16). Although epidemiology studies showed that HU
predicts the development of diabetes, no causality was
found in the Mendelian randomization study (6).

Thus, for further phenotype and mechanism explora-
tions, a major obstruction is the lack of an appropriate
animal model given that Uox in most mammals, including
rodents, is functional. Here, we were able to use Uox-KO
mice to study the potential role of urate in glucose metab-
olism. Traditional establishment strategies, such as potas-
sium oxonate (a chemical inhibitor of uricase) i.p. injection

(17), would interfere with the effects of HU per se as the
additional exogenous intervention. An advantage here is
that this mouse model is a suitable HUmodel because of its
consistent and stable SU elevations to simulate a human-
specific biological background of elevated urate (10).

Next, we further stimulated this spontaneous HU mouse
model with the HFD and/or MLD-STZ. A phenotypic het-
erogeneity in glycometabolism existed between sexes in the
Uox-KO model, displaying severe glucose intolerance and
more sensitivity to STZ in Uox-KOmales than in females in
a previous study (10). To avoid confounding factors due to
sex or sex hormone differences, only male mice were used

Figure 3—HU strengthens glucose intolerance with HFD stimuli. A: GTTs were used for chow diet– and HFD-fed 8-week-old Uox-KO male
mice andWT controls (n5 8). B: AUC integrated from the period of 0–120min was calculated based on the GTT curves. ITTs weremonitored
(C), and corresponding AUCswere determined (8-week-oldmice, n5 8) (D). E: Plasma insulin levels weremeasured with plasma collected at
0, 15, 30, and 60min after glucose injection (2 g/kg i.p.) in 8-week-oldUox-KOmice andWTmice (n5 6 in each group). F: Supernatant insulin
levels were determined after in vitro GSIS with isolated pancreatic b-cells (n5 6 in each group). *P, 0.05, **P, 0.01, ***P, 0.001. Data are
expressed as mean 6 SEM.
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in the current study. Further investigations in female mice
would help to delineate a full picture of the effect of HU on
glucose metabolism.

Our data show significant elevated blood glucose con-
centrations at 15 and 30 min of GTT under basal con-
ditions and in response to high-fat feeding (Figs. 2 and 3).
Moreover, the plasma insulin drop indicated the compro-
mise of b-cell function is responsible for glucose intoler-
ance. The link of HU and insulin resistance has been
extensively reported and discussed (18,19). Spontaneous
HU represents one of the metabolic syndromes resulting
from the interactions between genetic and environmental
factors, including dietary and behavioral factors, which
also contribute to insulin resistance in studies (20). Thus,
genetically modified HU mouse models lack major com-
plicated genetic or nongenetic risk factors, and HU indeed
did not induce insulin resistance, which is normally obesity
related. We then fed Uox-KO mice and WT controls the

HFD or normal chow diet. The results showed HFD-fed
Uox-KO mice displayed a dramatic reduction in plasma
insulin levels compared with HFD-fed WT mice, which
indicated a failure of compensatory insulin production by
b-cells in theUox-KOmice. Glycol-metabolism evaluations,
including GTT, ITT, and GSIS, hint at severe glucose in-
tolerance, with unchanged insulin sensitivity in HFD-
induced Uox-KO mice (Fig. 3). To be noted, neither
the fasting glucose nor fasting insulin changed in the
Uox-KO mice, even with aging (Fig. 1). In this study,
the lack of being able to see a urate-to-insulin resistance
relationship is based on the use of a high-fat rather than
a high-sugar diet. A similar conclusion was drawn by Kelly
and colleagues (21) that systemic HU, while clearly a bio-
marker of the metabolic abnormalities of obesity, does not
appear to be causal. Mendelian randomization studies that
focused on genetic variants associated with urate, thereby
removing confounding factors such as obesity, showed

Figure 4—HU induces diabetes with external MLD-STZ stimulation. A: Random blood glucose levels were monitored daily after
administration of MLD-STZ (40 mg/kg/day for 5 days) for 20 consecutive days (8-week-old mice, n 5 13, 8, and 8 for STZ-WT mice,
STZ-KOmice, and pegloticase therapy ULT-KOmice separately, respectively). B: The diabetes incidence in 8-week-old mice was calculated
by percentage (n5 13, 8, and 8 in each group, respectively). Diabetes was defined as random blood glucose$16.7 mmol/L. P trend value is
presented as *P , 0.05, **P , 0.01, ***P , 0.001. Data are expressed as mean 6 SEM.
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Figure 5—HU causes pancreatic b-cell death under MLD-STZ stimuli. A: Pancreatic sections were histologically stained for HE and
immunohistochemically (IHC) stained for insulin, respectively (8-week-old mice, n 5 6). B: Total areas of pancreatic tissues and insulin-
positive cells were traced manually and determined by counting 10 islets or more in 6 sections per mouse (8-week-old mice, n 5 6) in each
group. b-Cell mass was analyzed, and results are shown in multiplying the b-cell ratio (insulin-positive areas–to–total area) with the initial
pancreatic wet weight. C: Insulin-positive cell apoptosis was analyzed by the terminal deoxynucleotidyl TUNEL (8-week-old mice, n5 6). D:
Double-positive ratio of insulin and TUNEL was measured in each group (8-week-old mice, n 5 6). Scale bars 5 50 mm. **P , 0.01, ***P ,
0.001. Data are expressed as mean 6 SEM.

1158 Hyperuricemia Predisposes to Diabetes Onset Diabetes Volume 69, June 2020



elevated urate could not independently predict diabetes
development (6,22), which also supports our study find-
ings. However, in models of sugar-/fructose-induced
insulin resistance or in models where liver xanthine
oxidase activity is increased, then one does see urate-
dependent insulin resistance (23,24), which is likely
mediated by gluconeogenesis (25). Further investigations
using sugar-/fructose-fed Uox-KO mice are needed to de-
tect the relationship between urate and insulin resistance.

In the current study, we report that Uox deficiency
predisposes mice to the onset of diabetes, which results
from a loss of b-cell mass under conditions of the HFD
accompanied by MLD-STZ. The study has provided both
functional and mechanistic data showing the proapoptotic
effect of HU in b-cells. This is the first in vivo investigation
suggesting a critical role of HU in acceleration of the pro-
gression from impaired glucose tolerance into diabetes via
the action of promoting b-cell death. Increasing incidence of
diabetes is also accompanied by decreased islet area andb-cell
mass (Figs. 4 and 5), which corroborates that this glucose
intolerance induced byHU is primarily caused byb-cell death.
Multiple factors and signaling mechanisms have been dem-
onstrated to influence b-cell compensation, of which b-cell
apoptosis has emerged as a key event causing decompensa-
tion of b-cells and the development of diabetes (26). Insulin
deficiency has been demonstrated to play a causative role in
the development of diabetes from both animal and human

studies (26). In line with this, Uox-KOmice induced by MLD-
STZ develop diabetes, accompanied by hypoinsulinemia and
increased b-cell apoptosis. The diabetic phenotype ofUox-KO
mice not only indicates that loss of functional b-cell mass is
a key cause of the disease but also reveals a critical role of HU
that is required for maintaining b-cell survival in the STZ-
induced condition. However, it is worth noting that no
differences were found in b-cell mass and insulin production
between Uox-KO mice and WT controls fed the normal chow
diet, suggesting that HU is not required for islet de-
velopment and is dispensable under nonstressed phys-
iological conditions.

The benefits of ULT are still inconclusive. Randomized
trials have reported that ULT by allopurinol improves insulin
resistance in asymptomatic HU individuals (27,28), and
similar improvement in insulin resistance has been ob-
served with the use of benzbromarone (29). However, in
a gout population, the incidence of diabetes was lower in
urate-lowering drug (ULD) users than in nonusers (30).
In vivo study showed oral administration of ULD dose-
dependently reduced the blood glucose level and im-
proved glucose tolerance and insulin resistance in db/db
mice (31). Whether asymptomatic HU should be treated
remains controversial, as Sluijs et al. (6) concluded that
SU is not causally linked to diabetes and that ULTs may
therefore not be beneficial in lowering diabetes risk. A
long-held notion in diabetes is that macrophages within

Figure 6—ULT reversed few pancreatic b-cell deaths stimulated by MLD-STZ. Mice were sacrificed on the 21st day after the first MLD-STZ
(40mg/kg/day for 5 days) injection. A: b-Cell mass was calculated bymultiplying the b-cell ratio (insulin-positive areas–to–total area) with the
initial pancreatic wet weight (11-week-old mice, n 5 3). B: Insulin-positive cell apoptosis was analyzed by the terminal deoxynucleotidyl
TUNEL (11-week-old mice, n 5 3). C: Double-positive ratio of insulin and TUNEL was measured in each group (11-week-old mice, n 5 3).
Scale bars 5 50 mm. **P , 0.01, ***P , 0.001. Data are expressed as mean 6 SEM.
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the islet produce reactive oxygen species and proin-
flammatory cytokines, creating a b-cell cytotoxic envi-
ronment (32). Pegloticase, a recombinant uricase,
exerts its urate-lowering role by degrading urate with
a mild oxidative stress. Lowering SU may also reduce oxida-
tive stress because urate, although an antioxidant in non-
cellular systems, is a pro-oxidant in cellular systems. The
present in vivo ULTs exhibited only a partial reverse function
on reducing diabetes incidence (Fig. 4) and could not ame-
liorate b-cell apoptosis (Fig. 6) or glomerular lesions in
diabetes (Fig. 7). Substantial short-term ULT did not have
a direct protective effect on b-cell apoptosis or antidiabetic
potential, suggesting that, on its own, this might not be an
effective strategy for restoringb-cell function in STZ-induced
HU mice. Longer-term ULT needs to be done in future work
to solidify the conclusion.

One of the interesting findings in this study is that
ULT improved tubulointerstitial injury but not glomer-
ular lesions in STZ-KO mice. Gilbert and Cooper (33)
suggested that tubulointerstitial injury is a major fea-
ture of diabetic nephropathy and that its development
may reflect influences that are common to other forms

of renal disease and also those that are unique to diabetes.
An in vivo study showed HU plays a pathogenic role in the
mild tubulointerstitial injury associated with diabetic ne-
phropathy but not glomerular damage in diabetic mice
(34). Other factors, such as high glucose or oxidative
stress, could be responsible for the diabetic glomerular
lesion because high glucose is well known to be one of
the major stimuli to accelerate extracellular matrix de-
position in diabetic glomeruli (35).

Contrary to studies that have previously reported a pos-
itive causal association with progression of chronic kidney
diseases (CKDs) (36), urate concentration was not causally
related to the development of diabetic nephropathy in
a Mendelian randomization study by Ahola et al. (37). This
Mendelian randomization analysis suggested that the SU
concentration does not have any causal effect on diabetic
kidney complications but is rather a downstreammarker of
the kidney damage (37). Moreover, as one Mendelian
randomization study suggests that SU is a causal risk
factor for CKD in the general population (38), it might
be that SU plays a role only in the processes leading to
nondiabetic renal disease rather than in pure diabetic

Figure 7—Renal function and pathological changes were evaluated in male 11-week-old mice. A: SU levels were measured at the end of
experiments (n 5 13 for WT and n 5 8 for Uox-KO mice in each group). B: Serum creatinine levels, indicators of renal function, were
determined by the automatic biochemical analyzer (n 5 13 for WT and n 5 8 for Uox-KO mice in each group). C: Renal pathohistology was
detected by HE staining, PASM staining, and PAS staining (n 5 6). Deposits of renal urate crystals were investigated under polarized light
(n5 3). D: Quantification of tubulointerstitial injury. Quantitative analysis for tubulointerstitial injury was assessed by scoring six renal cortical
tubule sections (original magnification 3200, HE) in randomly selected fields for each group (n 5 6). E: The GSI was calculated to evaluate
diabetic nephropathy based on three given PAS staining sections for each group (n5 6). F: Urate crystal areas were calculated by the Image-
Pro Plus 6.0 system with arbitrary units (n 5 3). Scale bars 5 50 mm in HE (original magnification 3200), PASM, PAS, and polarized light
sections. Scale bars 5 100 mm in HE (original magnification 3400). *P , 0.05, ***P , 0.001. Data are expressed as mean 6 SEM.
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nephropathy. Furthermore, the authors of a post hoc
analysis in diabetic nephropathy with mean follow-up of
3 years concluded that urate was weakly associated with
decline in the glomerular filtration rate (GFR) in patients
with type 1 diabetes with overt nephropathy (39). Evi-
dence showed urate may facilitate the development and
progression of CKD in people with diabetes (40–42).
However, the benefits of urate-lowering are still putative
and inconclusive. A post hoc analysis of the Febuxostat
Open-Label Clinical Trial of Urate-Lowering Efficacy and
Safety Study (FOCUS) with 116 HU patients treated
with febuxostat for 5 years found an inverse correlation
between urate and estimated (e)GFR and projected an
improvement in eGFR of 1 mL/min/1.73 m2 for every
1 mg/dL decrease in SU (43). In a randomized clinical
trial, the authors found a significant association be-
tween higher urate and lower GFR (P 5 0.017), while
this association was absent in the allopurinol treatment
(P 5 0.61) (44).

However, the renal status in the above studies was
assessed with the eGFR and/or urinary albumin excretion
rate, which manifested the glomerular not the tubular
function. Despite the current availability of conclusive
trial data, Bartáková et al. (45) have recommended 10–
15% lower SU cutoff values for people with diabetes to
confer protection against kidney disease. In an animal
study, Kosugi et al. (34) found that db/db mice developed
HU and glomerular mesangial expansion (an early feature
of diabetic nephropathy). Allopurinol treatment signifi-
cantly lowered urate levels and reduced tubulointerstitial
injury but without amelioration of glomerular lesions in
diabetes (34). These results were consistentwith our reported
data. However, the mixed conclusion of whether lowering SU
benefits diabetic nephropathy from Mendelian randomiza-
tion and clinical and animal studies needs to be carefully
explained.

The underlying mechanism of how urate interferes with
the function of pancreatic b-cells has not been well

Figure 8—Gene set enrichment analysis comparing isolated islets from HU and/or diabetic mice. Heat maps from mouse isolated islets are
shown. Each colored box represents the normalized expression level of a given gene in a particular experimental condition of WT vs. KO (A)
and STZ-WT vs. STZ-KO (B). Red denotes upregulation and blue denotes downregulation according to the color scale. Shared upregulated
(C ) and downregulated (D) DEG numbers were enriched in WT vs. KO and in STZ-WT vs. STZ-KO groups. One gene (Stk17b) was shared in
the upregulated gene set and five genes (Fut4-ps1, Erich3, 1700027H10Rik, Kcnh2, and Klhl32) were shared in the downregulated gene set,
with adjusted P , 0.05 and absolute fold change .2 (8-week-old WT and KO mice and 11-week-old STZ-WT and STZ-KO mice, n 5 3 in
each group).
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elucidated. Roncal-Jimenez et al. (46) showed that sugar-
induced HU likely played a role in the development of
diabetes through an effect that included a direct urate
effect on islet insulin secretion. Previous studies demon-
strated b-cell toxicity of soluble urate via the NF-kB–iNOS–
NO signal axis (7). Our research is the first study to elucidate
the molecular changes occurring specifically in HU and/or
diabetic islets by microarray. The transcriptomic analysis of
isolated islets indicates major alterations in shared DEGs
with up- and downregulation that might contribute to the
accelerated progression of urate-induced cell death. Death-
associated protein kinase–related apoptosis-inducing kinase-
2 (Drak2), also known as Stk17b, is a serine/threonine kinase
that executes its role by apoptosis-related pathways. Stk17b
rapidly induces apoptosis in mouse islet b-cells by inflam-
matory cytokines (47) and free fatty acids (48). Stk17b
overexpression, along with the cytokine assaults, has
been demonstrated to lead to aggravated apoptosis of
b-cells (47), which was consistent with our transcrip-
tomic results (Fig. 8). Mao et al. (47) suggested the
inflammatory cytokine/Stk17b/p70S6 kinase pathway
seemed to be critical in islet apoptosis. They also dem-
onstrated Stk17b acted through caspase-9 in apoptosis
(47). Together with our transcriptomic profiles, these
lines of evidence indicate that Stk17b is a potential gene in
urate-mediated islet apoptosis of STZ-induced diabetes.

Particularly, reduced levels of TG and unchanged TC
levels in Uox-KO mice may partially explain the absence of
an insulin-resistance phenotype given TG are an indepen-
dent risk factor for the future development of insulin
resistance (49). The decreased TG levels are attributable
to sex hormones per se, since it has been reported
that testosterone enhances TG in rodents (50) while
our HU mice had lower testosterone (data not shown).

Limitations of this study also need to be pointed out. To
meet the animal ethic, the mice were euthanized with CO2,
followed by cervical dislocation before islet isolation. CO2,
as an additional stress on the islets, may magnify gene
expression differences between KO and WT islets. Al-
though Uox-KO mice displayed high SU levels comparable
to those observed in adult humans, their germline disrup-
tion of Uox produced embryonic or postnatal developmen-
tal effects such as nephropathy. We also acknowledge this
potential caveat that the mice developed kidney disease
and urate crystalluria spontaneously, as we previously
described (10). To separate whether the impaired glu-
cose tolerance is due to the impaired renal function or to
the urate, mice with a conditional and inducible disrup-
tion of Uox (e.g., tamoxifen-responsive cre mice) may be
used to obviate the concern.

In conclusion, the current study demonstrates that
urate per se is insufficient to induce diabetes, while it
impairs glucose tolerance. For the first time, our re-
search using a constitutive HU model corroborates that
high levels of urate predispose mice to diabetes by disrupting
b-cell function. Diabetes incidence, b-cell death, or glomer-
ular lesions in diabetes were not reversed by ULT with

significance; however, ULT displayed a therapeutic effect
on HU-crystal–associated kidney injury and tubulointerstitial
damage in diabetic nephropathy. Transcriptomic profiling
suggested Stk17b is a urate primacy gene in b-cell apoptosis.
We believe that our microarray data specifically from isolated
islets of HU mice can serve as a valuable resource for
investigators in the field for further exploration of specific
genes involved in HU with glycol-metabolic dysfunction.
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