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Purpose: Higher serum levels of uric acid (SUA) are associated with an increased risk of
developing type 2 diabetes. Meanwhile, insulin resistance and beta-cell dysfunction are critical
factors that mediate the progression from normal glucose tolerance to impaired fasting glucose
(IFG) and type 2 diabetes. We aimed to investigate the association between SUA levels and
insulin resistance and beta-cell dysfunction in individuals without diabetes, thus explicating the
role of uric acid in the early stage of the natural history of type 2 diabetes.

Patients and Methods: We used cross-sectional data from the China Health and Nutrition
Survey to examine the association. Insulin resistance and beta-cell dysfunction were esti-
mated using the homeostasis model assessment of insulin resistance (HOMA-IR) index and
homeostasis model assessment of beta-cell function (HOMA-beta) index, respectively. The
associations were analyzed by using partial correlation analysis and multivariate logistic
regressionl analysis.

Results: SUA levels were positively associated with fasting glucose, fasting insulin,
HOMA-IR in the total population. After adjustment for age, drinking, smoking, living
area, daily dietary nutrient intake, body mass index (BMI), estimated glomerular filtration
rate (eGFR), hypertension, and dyslipidemia, compared with participants in the lowest
quartile of SUA, the adjusted odds ratios for the fourth quartiles were 1.56(1.09-2.24) for
IFG, 1.51(1.27-1.78) for insulin resistance, and 1.06(0.88-1.27) for beta-cell dysfunction. In
the subgroup analysis, no interactions were found between serum uric acid and age, drinking
status, smoking status, BMI, hypertension, or dyslipidemia (all p for interaction>0.05).
Conclusion: In nondiabetic individuals, SUA levels are independently associated with IFG
and insulin resistance, while no significant association exists between SUA and beta-cell
dysfunction.
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Introduction

Uric acid is the end product of the degradation of purine mononucleotides catalyzed
by xanthine oxidoreductase, and it has two interconvertible forms: xanthine dehy-
drogenase and xanthine oxidase. Under stress conditions, including hypoxia and
ischemia, xanthine oxidase predominates, and reactive oxygen species (ROS) are
concomitantly generated in the process of uric acid production; moreover, uric acid
is a potent antioxidant and acts as a free radical scavenger in human blood.' The
main source of uric acid is endogenous purines, but it can also be derived from
dietary sources. In recent years, with changes in lifestyles and diet, especially
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increased intake in foods rich in purine, an increasing
trend in the prevalence of hyperuricemia has been wit-
nessed worldwide.” In China, the estimated prevalence of
hyperuricemia ranges from 5.5% to 23.6% in different
regions.’

Hyperuricemia has drawn much attention in recent dec-
ades, as patients with hyperuricemia often present with
metabolic diseases, cardiovascular diseases and cardio-
metabolic related complications.®’ Regarding diabetes, var-
ious longitudinal studies have demonstrated that higher
baseline levels of serum uric acid increased the risk of
developing type 2 diabetes, and a meta-analysis of 11 cohort
studies including 42,834 participants indicated a 17%
increase in the risk of type 2 diabetes for each 1 mg/dl
increase in SUA.®1° Thus, how uric acid contributes to the
pathophysiology of type 2 diabetes deserves research.

Insulin resistance, and beta-cell dysfunction are two
major pathophysiological defects in the development of
type 2 diabetes. The interplay between genetic predisposi-
tion and lifestyle factors induces metabolic stress and
systematic inflammation, thus initiating the disease.'
Subsequently, hyperglycemia occurs, and patient presents
with IFG and/or impaired glucose tolerance owing to the
reduction in whole-body insulin sensitivity and increased
secretory burden of beta-cells. Studies have reported that
prediabetes has been associated with a 40% reduction in
whole-body insulin sensitivity and a substantial decline in
beta-cell glucose sensitivity.'>'* Finally, prediabetes tends
to progress to diabetes. Meanwhile, the natural history of
type 2 diabetes can be changed by routine screening to
identify prediabetes and early diabetes.'* Thus, clarifying
the factors and their role in linking prediabetes to diabetes
is crucial. Currently, the relationship between SUA and
insulin resistance and beta-cell function has been estab-
lished in several studies in patients with diabetes.'>'®
However, a large-scale study investigating this relationship
in nondiabetic population is still lacking. In the present
study, we explored the association of SUA with glucose
homeostasis in nondiabetic individuals as assessed by
HOMA models, which may help to define the role of
SUA in the early natural history of type 2 diabetes.

Patients and Methods

Data Source and Study Population

The China Health and Nutrition Survey (CHNS) is an
ongoing longitudinal survey aimed at investigating nutri-
tion status, health outcomes and associated economic,

sociological, demographic, and behavioral characteristics
in the Chinese population. The participants were randomly
selected from 216 communities in nine provinces. To date,
ten rounds of surveys have been conducted. Individual
health-related data and socioeconomic data were collected
during each survey; however, blood samples were not
collected until the 2009 survey. Currently, the data are
freely available in CHNS website. The study protocols
were approved by the Institutional Review Committees
of the University of North Carolina at Chapel Hill and
the China National Institute of Nutrition and Food Safety.
All participants had signed informed consent forms during
the CHNS survey. Detailed information on this survey can
be found in the published cohort profile."

In this cross-sectional study, we utilized the data from
the 2009 survey database. Participants greater than 18
years old were included in the study. Participants were
excluded if they were pregnant, missing blood biochemical
indicator measurements, missing anthropometric measure-
ments, or lacking information on lifestyle data (smoking,
drinking, dietary intake). Next, participants with a history
of diabetes (self-reported previous diagnosis of diabetes or
receiving anti-diabetes therapy or a fasting blood glucose
level of >7.0 mmol/L or HbAlc >6.5%), myocardial
infarction, stroke, chronic kidney diseases
(eGFR<60 mL/min-1.73 m?), or severe liver dysfunction
(ALT>120U/L) were excluded. As anti-hypertensive drugs
may affect uric acid levels, we also excluded those receiv-
ing anti-hypertensive therapy. Finally, 6027 participants

were included in the analysis (Figure 1).

Data Collection and Measurements

In the 2009 survey, a structured questionnaire and face-to-
face interviews were used to collect information on the
demographic characteristics, lifestyle (smoking/drinking sta-
tus), medical history and medications of the participants.
Dietary information was recorded through a 24-h recall of
the food items and the proportion of each dish they consumed
over the previous day for three consecutive days. Dietary
intake of nutrients was estimated by trained nutritionists on
the basis of the Chinese Food Composition Table. Height
was measured without shoes to the nearest 0.2 cm using
a portable stadiometer. Body weight was measured on
a calibrated digital scale with subjects wearing light clothing
without shoes, to the nearest 0.1 kg. BMI was calculated as
weight in kilograms divided by the square of height in
meters. Blood pressure was measured in duplicate, and the
average of the values was calculated as the results. After
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Figure | The flow chart of sample selection from the China Health and Nutrition Survey.

overnight fasting, a venous blood sample was collected in an
EDTA anticoagulant tube, the whole blood sample was cen-
trifuged at 3000g for 15 minutes and serum was separated by
a vacuum tube with a separation gel. The serum concentra-
tions of ALT, Cr, uric acid, TC, TG, HDL-C, LDL-C, glucose
and insulin were measured through an automated biochem-
istry analyzer with quality control. Uric acid was measured
using the enzymatic colorimetric method, TC was measured
using the CHOD-PAP method, and HDL-C was measured
using the enzymatic method. The estimated glomerular fil-
tration rate (eGFR) was estimated by using the CKD-EPI
equation.”’® The homeostatic model of insulin resistance
(HOMA-IR) was calculated using the formula: HOMA-IR
= fasting insulin (pU/mL)x*fasting glucose (mmol/L)/22.5.%!
Beta-cell function was evaluated using the homeostatic
model assessment of beta-cell function (HOMA-beta),
which was calculated using the formula: HOMA-beta=(360
x fasting insulin (uU/mL))/(fasting glucose (mg/dl)-63)."

Definitions

We defined hyperuricemia as serum uric acid greater than
420pmol/L in males and greater than 360umol/L in
females.”> Hypertension was defined as a self-reported
previous diagnosis of hypertension or systolic blood pres-
sure>140 mmHg or diastolic blood pressure>90 mmHg.**
Dyslipidemia was defined as the presence of any of the
following: TG>1.70mmol/L, TC>5.2mmol/L, HDL-C<I.
Ommol/L or LDL-C>3.4mmol/L** IFG was defined as
6.1 mmol/L< fasting plasma glucose (FPG)<7.0 mmol/
L.% Insulin resistance was defined as HOMA-IR >2.5.!
Beta cell dysfunction was defined as HOMA-beta within
the lowest quartile among all participants.?®

Statistical Analysis
Qualitative variables are expressed as percentages and

quantitative variables are expressed as the means =+
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standard deviations (SDs). We compared the characteris-
tics of participants in different groups by using the chi-
square test (for categorical variables), one-way ANOVA
(for multiple groups with equal variance), and Kruskal—-
Wallis test (data with unequal variances or nonnormal
distribution). The correlation between serum uric acid
and other quantitative variables was examined by partial
correlation analysis. Logistic regression was used to esti-
mate the association between serum uric acid and IFG,
insulin resistance and beta-cell dysfunction, and the odds
ratios (ORs) and corresponding 95% confidence intervals
(95% Cls) were calculated. SUA was entered the regres-
sion model for both continuous variables and categorical
variables according to sex-specific serum uric acid quar-
tiles. Despite the crude model, covariate adjustments were
made for age, sex, living area, smoking, alcohol consump-
tion, daily dietary nutrient intake, BMI, eGFR, hyperten-
sion status, and hyperlipidemia status. In addition,
subgroup analysis was used to check the robustness of
the results of the logistic regression and identify factors
potentially affecting the associations. The interactions
between serum uric acid and stratifying factors were
examined using likelihood ratio test in subgroup analysis.
All statistical methods were implemented in IBM SPSS
20.0 and STATA 16.0 software. A p-value < 0.05 was

considered statistically significant.

Results

Characteristics of Participants by Serum

Uric Acid Level

Overall, 6027 eligible individuals including 2843 males
and 3184 females, selected from the CHNS study, were
included in our analysis; 674 study participants had hyper-
uricemia, and 329 participants had IFG. The incidence of
insulin resistance was 40.0% in males and 41.1% in
females. The characteristics of the study population strati-
fied by sex-specific quartiles of serum uric acid are shown
in Table 1. The median (IQR) SUA was 334 umol/L for
males and 242 pmol/L for females. Individuals with higher
uric acid levels were more likely to live in urban areas and
to be alcohol consumers and had a higher prevalence of
hypertension and dyslipidemia. Meanwhile, BMI, WC,
systolic and diastolic blood pressure, creatinine, eGFR,
FPG, and insulin level increased with increasing quartiles
of SUA. There were no significant differences in age or the
proportion of current smokers across the quartiles.

The incidence of IFG and insulin resistance was sig-
nificantly higher in participants with hyperuricemia than in
those without hyperuricemia, while there was no differ-
ence in the incidence of beta-cell dysfunction (Table 2).

Correlation Between SUA and Other

Indexes

The partial correlations between uric acid levels and other
parameters are shown in Table 3. After adjusting for age
and sex, SUA positively correlated with BMI (r=0.212,

p<0.001), WC (r=0.196, p<0.001), SBP (r=0.074,
p<0.001), DBP (r=0.092, p<0.001), Cr (=0.262,
p<0.001), FPG (r=0.148, p<0.001), insulin (r=0.066,

p<0.001), TG (r=0.518, p<0.001), TC (r=0.233,
p<0.001), LDL-C (r=0.038, p=0.003), and HOMA-IR
(r=0.075, p<0.001) and negatively correlated with eGFR
(r=—0.261, p<0.001), and HDL-C (r=—0.172, p<0.001) in
the total population. However, no correlation between
SUA and HOMA-beta was found.

Multivariable Association Between Serum
Uric Acid and IFG, Insulin Resistance, and
Beta-Cell Dysfunction

In the cross-sectional analysis, the incidence of IFG across
the SUA quartiles was 55 cases (3.6%), 73 cases (4.9%),
79 cases (5.2%), and 122 cases (8.1%). In the unadjusted
model (Model 1), the ORs for IFG were higher with
increasing uric acid quartiles (p for trend < 0.001; Table
4). After adjusting for age, smoking, alcohol consumption,
living area, and daily dietary nutrient intake, the ORs and
95% Cls were not substantially changed (Model 2). In the
final model (Model 3) additional adjusted for BMI, eGFR,
hypertension, and dyslipidemia, the magnitude of the ORs
was significantly reduced, compared to the first quartile of
uric acid levels, and the ORs and 95% ClIs for IFG in
the second, third, and fourth quartiles were 1.20 (0.84—
1.73), 1.19 (0.82-1.72), and 1.56 (1.09-2.24) respectively
(p for trend < 0.001). When SUA was included as
a continuous variable, the ORs and 95% CIs for a one
standard deviation increase in SUA in relation to IFG were
1.18 (1.04-1.34) for males and 1.47 (1.25-1.72) for
females, which revealed an independent association
between SUA and IFG (Table 4).

The association between SUA and insulin resistance, and
beta-cell dysfunction was also investigated by using three
models. For insulin resistance, the ORs and 95% Cls for
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Table | Baseline Characteristics of Study Participants According to Sex-Specific SUA Quartiles
Quartile 1 Quartile 2 Quartile 3 Quartile 4 p value p for Trend

Age (years) 46.6x13.2 46.9%13.6 45.9+14.2 46.7%13.6 0.224 0.682

Sex (%Male) 472 47.3 47.2 47.0 0.998 0911

Living area (%Urban) 29.6 27.6 309 348 <0.001 <0.001
Alcohol consumer (%) 66.4 66.3 66.9 6l.1 0.002 0.005

Current smoker (%) 29.2 31.2 26.6 29.2 0.051 0.388

Carbohydrate intake (g/d) 307.4£105.3 303.2£105.1 302.5+£98.6 295.9+98.2 0.020 0.003

Fat intake (g/d) 72.3+414 73.5+38.2 76.7+40.3 77.5%£37.7 <0.001 <0.001
Protein intake (g/d) 65.5+23.0 65.3+22.8 68.1+22.8 68.9+23.0 <0.001 <0.001
BMI (kg/m?) 22.2+29 22.6%3.0 23.1+3.3 24.2+3.5 <0.001 <0.001
WC (cm) 79.0£9.1 80.6+9.5 81.5£10.3 84.4+9.9 <0.001 <0.001
SBP (mmHg) 119.4+15.6 120.0+16.0 120.4+16.6 122.7+17.1 <0.001 <0.001
DBP (mmHg) 78.2+10.2 78.4+10.2 78.7£10.6 80.6%10.9 <0.001 <0.001
Cr (umol/L) 79.6x12.1 83.1x12.1 85.6%12.6 87.5+13.5 <0.001 <0.001
eGFR (mL/min/1.73 m?) 89.3+14.1 85.0%13.2 82.8+13.4 80.2%13.0 <0.001 <0.001
FPG (mmol/L) 4.9+0.6 5.0+0.6 5.0+0.6 5.2+0.6 <0.001 <0.001
Insulin (uIU/mL) 10.949.1 12.4+23.7 12.3+8.9 14.6+25.3 <0.001 <0.001
TG (mmol/L) 1.0£0.6 1.2+0.7 1.5£1.0 2.3+1.8 <0.001 <0.001
TC (mmol/L) 4.5+0.9 4.6+0.9 4.7+1.0 5.1+1.0 <0.001 <0.001
HDL-C (mmol/L) 1.5+0.4 1.5+0.4 1.4+0.5 1.3+0.4 <0.001 <0.001
LDL-C (mmol/L) 2.8+0.8 2.9+0.9 29+1.0 3.0+1.0 <0.001 <0.001
Hypertension (%) 17.9 18.2 19.3 24.5 <0.001 <0.001
Dyslipidemia (%) 34.4 420 54.6 723 <0.001 <0.001

Notes: Continuous variables are expressed as the mean (standard deviation), and categorical variables are expressed as the percentage.
Abbreviations: BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; Cr, creatinine; eGFR, estimated glomerular
filtration rate; FPG, fasting blood glucose; TG, triglycerides; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

Table 2 Incidence of IFG, Insulin Resistance and Beta-Cell
Dysfunction in Participants with Hyperuricemia

Table 3 Partial Correlation Coefficients Between SUA and
Other Indexes

Hyperuricemia

No Yes p value
IFG (%) 4.8 1.0 <0.001
Insulin resistance (%) 387 55.0 <0.001
Beta-cell dysfunction (%) | 25.2 23.6 0.369

Abbreviations: IFG, impaired fasting glucose; HOMA-IR, homeostasis model
assessment of insulin resistance; HOMA-beta, homeostasis model assessment of
beta-cell function.

Model 1 and Model 2 largely overlapped. After multivari-
able adjustment (Model 3), SUA levels in the third and
fourth quartiles compared with the lowest quartile were
independently significantly associated with insulin resis-
tance (1.30 (1.11-1.52) for quartile 3 and 1.51 (1.27-1.78)
for quartile 4). When SUA was included as a continuous
variable, this independent association was also found in both
sexes, and females had higher OR values than males. With
regard to beta-cell dysfunction, we found no significant
association between serum uric acid and the incidence of
decreased beta-cell function (the incidence of beta-cell

Correlation Coefficient p value

BMI (kg/m?) 0.212 <0.001
WC (cm) 0.196 <0.001
SBP (mmHg) 0.074 <0.001
DBP (mmHg) 0.092 <0.001
Cr (umol/L) 0.262 <0.001
eGFR (mL/min/1.73 m?) | —0.261 <0.001
FPG (mmol/L) 0.148 <0.001
Insulin (uIU/mL) 0.066 <0.001
TG (mmol/L) 0.518 <0.001
TC (mmol/L) 0.233 <0.001
HDL-C (mmol/L) —-0.172 <0.001
LDL-C (mmol/L) 0.038 0.003

HOMA-IR 0.075 <0.001
HOMA:-beta —0.001 0.968

Note: All adjusted for age and sex.

Abbreviations: BMI, body mass index; WC, waist circumference; SBP, systolic
blood pressure; DBP, diastolic blood pressure; Cr, creatinine; eGFR, estimated
glomerular filtration rate; FPG, fasting blood glucose; TG, triglycerides; TC, total
cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipo-
protein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance;
HOMA-beta, homeostasis model assessment of beta-cell function.

dysfunction across the uric acid quartiles was 26.8%,

25.4%, 23.6%, and 24.2%, respectively, p=0.190).
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Table 4 ORs and 95% Cls for Association of SUA Levels with IFG, Insulin Resistance, and Beta-Cell Dysfunction

Ql Q2 Q3 Q4 p for Trend | SUA (Continuous)
(n=1516) | (n=1503) (n=1507) (n=1501) Men Women
IFG
Model | | 1.36(0.95-1.94) | 1.47(1.03-2.09) | 2.35(1.70-3.26) | <0.001 1.23(1.10-1.38) | 1.70(1.48-1.96)
Model 2 | 1.34(0.94-1.92) | 1.53(1.07-2.18) | 2.37(1.70-3.30) | <0.001 1.27(1.13-1.43) | 1.64(1.42—-1.90)
Model 3 | 1.20(0.84-1.73) | 1.19(0.82-1.72) | 1.56(1.09-2.24) | 0.002 1.18(1.04-1.34) | 1.47(1.25-1.72)
Insulin resistance
Model | | 1.25(1.07—1.45) | 1.68(1.45-1.95) | 2.45(2.11-2.84) | <0.001 1.40(1.29-1.53) | 1.46(1.36—1.58)
Model 2 | 1.25(1.08-1.46) | 1.67(1.43-1.93) | 2.43(2.09-2.83) | <0.001 1.38(1.27-1.51) | 1.46(1.35-1.57)
Model 3 | 1.11(0.95-1.30) | 1.30(I.11-1.52) | 1.51(1.27-1.78) | <0.001 1.12(1.02-1.22) | 1.28(1.18-1.39)
Beta cell dysfunction
Model | | 0.93(0.79-1.10) | 0.85(0.72—1.00) | 0.87(0.74-1.03) | 0.142 0.96(0.88—1.05) | 0.94(0.87-1.02)
Model 2 | 0.92(0.78-1.09) | 0.85(0.72—1.00) | 0.86(0.73—1.01) | 0.005 0.99(0.90-1.08) | 0.91(0.84-0.99)
Model 3 I 0.98(0.83—1.15) | 0.94(0.79-1.12) | 1.06(0.88-1.27) | 0.425 1.07(0.97-1.17) | 0.95(0.87-1.05)

Notes: Quartiles of SUA for males: Ist Quartiles282.0pumol/L, 2nd Quartile = 282.1-334.0pmol/L, 3rd Quartile =334.1-393.0umol/L, 4th quartile2393.1umol/L. Quartiles
of SUA for females: Ist Quartile<203.0umol/L, 2nd Quartile= 203.1-242.0umol/L, 3rd Quartile = 242.1-289.5pmol/L, 4th Quartile2289.6pmol/L. Insulin resistance was
defined as HOMA-IR 22.5, beta-cell dysfunction was defined as HOMA-beta within the lowest quartile among all the study participants. SUA entered the logistic regression
models as quartiles or as a continuous variable. When SUA entered the model as a continuous variable, the ORs and 95% Cls for a | SD increase in SUA are presented.
Model I: unadjusted. Model 2: adjusted for age (continuous), drinking (yes/no), smoking (yes/no), living area (urban/rural), carbohydrate intake (continuous), fat intake
(continuous), protein intake (continuous). Model 3: adjusted for age (continuous), drinking (yes/no), smoking (yes/no), living area (urban/rural), carbohydrate intake
(continuous), fat intake (continuous), protein intake (continuous), BMI (continuous), eGFR (continuous), hypertension (yes/no), dyslipidemia (yes/no).

Abbreviations: OR, odds ratio; Cl, confidence interval; SUA, serum uric acid; IFG, impaired fasting glucose.

Moreover, no statistically significant association was found
between SUA and beta-cell dysfunction after adjusting for
potential cofounders (Table 4). A similar result was achieved
when we divided the total population into hyperuricemic and
nonhyperuricemic groups and set the nonhyperuricemic
group as the reference group (Table 5).

Subgroup Analysis

A subgroup analysis was performed to further evaluate the
association between SUA and IFG, insulin resistance and
beta-cell dysfunction (Table 6). The stratifying factors were
age, drinking status, smoking status, BMI, hypertension,
and dyslipidemia. No interactions were found between
serum uric acid and these stratifying factors (all p for inter-
action>0.05). For IFG and insulin resistance, the association
was obviously more pronounced in individuals who were
overweight/obese, hypertensive or had dyslipidemia.

Discussion
In this cross-sectional study conducted in a nondiabetic popu-
lation, we found that individuals with higher SUA levels were
associated with a higher incidence of IFG and insulin resis-
tance, which was independent of confounders including age,
drinking, smoking, living area, daily dietary nutrient intake,
BMLI, eGFR, hypertension, and dyslipidemia. In addition, each
1 SD increase in SUA was associated with a greater likelihood
of the presence of IFG and insulin resistance in women than in
men, which means that the association was more pronounced
in women. We also investigated the relationship between
elevated uric acid concentrations and beta-cell failure, and no
statistically significant correlation was found.

Insulin resistance, beta-cell dysfunction and IFG are
related to the pathogenesis of diabetes. In our study per-
formed in nondiabetic individuals, we found that those with

Table 5 ORs and 95% Cls for the Association of Hyperuricemia with IFG, Insulin Resistance, and Beta-Cell Dysfunction

IFG Insulin Resistance Beta Cell Dysfunction
Model | 2.47(1.88-3.24) 1.94(1.65-2.28) 0.92(0.76-1.11)
Model 2 2.36(1.78-3.12) 2.04(1.73-2.41) 0.89(0.73-1.07)
Model 3 1.73(1.29-2.33) 1.35(1.13-1.62) 1.04(0.85-1.27)
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elevated SUA levels presented a higher risk of IFG and
insulin resistance, while the risk of beta cell dysfunction
was not affected. This indicates that insulin resistance but
not beta cell dysfunction may play a more important role in
the early stage of the development of type 2 diabetes in
patients with hyperuricemia.

Consistent with previous studies on individuals without
diabetes, our study revealed that SUA was positively corre-
lated with the indexes of insulin resistance.?”*® Moreover,
considering the coexistence of obesity, hypertension, and
dyslipidemia in patients with hyperuricemia, and their
mutual relationships with insulin resistance, there was
a possibility that the relationship between serum uric acid
and insulin resistance was completely or partly mediated by
these factors.”’ We adjusted for these confounders in logistic
regression models and found that the OR values significantly
decreased compared to the unadjusted model; however, the
ORs were still statistically significant, which helped clarify
the independent association between uric acid and insulin
resistance. The mechanisms behind this association are not
fully illuminated, and current studies have revealed that uric
acid can induce insulin resistance in two ways. First, uric
acid per se can phosphorylate insulin receptor substrate 1
(serd73) and Akt (ser307), leading to the inhibition of insu-
lin signaling in target cells.***' Second, hyperuricemia can
increase nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and xanthine oxidase activity, thus
further increasing the production of reactive oxygen species
(ROS). On the one hand, ROS and uric acid can activate the
pro-inflammatory factors;>> on the other hand, ROS can
reduce NO bioavailability, thus inhibiting GLUT4 transloca-
tion and the glucose uptake process which are NO-cGMP-
dependent.*

In in vitro studies, uric acid can induce beta-cell apop-
tosis and inhibit glucose-stimulated insulin secretion, lead-
ing to reduced Dbeta-cell mass and beta-cell
dysfunction.**> However, we observed that the incidence
of beta-cell dysfunction slightly decreased across SUA
quartiles although it did not reach statistical significance,
which should be explained. Contrary to in vitro studies,
a series of animal and human studies revealed that uric
acid can promote insulin release to some extent. For
example, Luis et al reported a significant positive correla-
tion between uric acid levels and the early phase and late
phase of insulin release after adjusting for HOMA-IR and
triglyceride levels in apparently healthy individuals.>® By
using the hyperglycemia clamp technique, Robles et al
found that uric acid showed a positive relationship with

the total phase of insulin secretion in individuals with type
2 diabetes
Considering that individuals with elevated serum uric

mellitus  but without hyperuricemia.®’
acid levels usually have insulin resistance, the increase in
insulin secretion may be a compensatory response to insu-
lin resistance. Tang et al found that in patients with type 2
diabetes, compared with those with lower SUA levels,
individuals with higher SUA had greater HOMA-IR and
exhibited higher insulin secretion ability at the early stage
of disease, but their residual beta-cell function deteriorated
more rapidly along with disease progression.'® Their study
offers a potential interpretation of conflicting results about
the relationship between SUA and beta-cell function. In
the nondiabetic population, there is a possibility that ele-
vated SUA levels can also lead to a compensatory increase
in insulin secretion; thus, the results observed in our study
may just be a transient state. A continuous observational
prospective study is needed to determine the dynamic
change in beta-cell function along the natural history of
T2DM according to baseline SUA levels.

Our study has several strengths. First, our study had
a relatively large sample size and was based on data from
the CHNS survey, which can be representative of the gen-
eral population. Second, as the relationship between SUA
and markers of glucose homeostasis has rarely been inves-
tigated in nondiabetic individuals in previous studies, our
study provides new insights in this area. Several limitations
of our study should be considered. First, the cross-sectional
nature of this study can not provide causal inference
between the dependent and independent variables, thus
our results are descriptive and do not explain biological
links. Second, as an observational study, potential residual
confounders may exist. We failed to including factors such
as lipids lowering drugs, dipping pattern of the participants
in our study, which may modulate the association between
uric acid and glucose homeostasis.*® Third, we did not
investigate the factors underlying this relationship. UA can
act as an antioxidant and protect cells from oxidative stress,
while under stressful conditions, UA acts as a prooxidant
that causes oxidative damage to cells. It is not yet clear
under which conditions it mainly acts as a prooxidant;
however, current studies indicate that the hyperactivity of
xanthine oxidase may lead to prooxidant activation of UA
and the production of excess ROS.**** Moreover, a recent
prospective cohort study proposed that elevated serum
xanthine oxidase activity, but not the UA concentration,
independently predicts the risk of developing T2DM.*'
Thus, there is a possibility that the relationship between
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SUA levels and abnormal glucose metabolism is not
directly causal and that xanthine oxidase is a crucial link.
However, we did not have measures of xanthine oxidase in
the data sources, thus a study aiming at to determine
whether xanthine oxidase mediated the association between
uric acid and insulin resistance is needed in the future.
Fourth, as our study participants had not undergone the
OGTT test, we only used HOMA models to evaluate the
estimation of insulin resistance and beta-cell dysfunction.
Although it is a widely used clinical and epidemiological
tool, HOMA only provides information about the basal state
of glucose homeostasis, while the stimulated state is
lacking.** Combining other OGTT-based surrogate indexes
such as the Matsuda index, insulin secretion-sensitivity
index-2, and insulinogenic index would be better for asses-
sing insulin sensitivity and beta-cell function. Fifth, as our
study was only performed in a Chinese population, and
there are ethnic differences in the distribution of insulin
sensitivity and insulin response in the natural course from
a normal glucose state to type 2 diabetes,* our findings are
not generalizable to other populations.

Conclusion

In conclusion, our study revealed that SUA was indepen-
dently associated with insulin resistance and IFG in non-
diabetic individuals, while a significant link between SUA
and beta-cell dysfunction was missing. This means that
a considerable proportion of those with hyperuricemia
were at high risk for the onset of type 2 diabetes. In this
stage, insulin resistance is the major problem, and lifestyle
changes or interventions aimed at alleviating insulin resis-
tance may reduce the risk of further type 2 diabetes.
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