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Background: Insulin resistance (IR) is a key feature of type 2 diabetes (T2D) and an independent risk factor for metabolic syndrome.
Previous studies have linked elevated serum uric acid (SUA) to an increased risk of T2D.

Aim: The purpose of this study was to investigate the relationship between SUA and IR. At the same time, the correlation between
New model and SUA compared with other IR alternatives was compared, so as to provide a simple and effective new indicator for
early detection and prediction of IR risk and early prevention of T2D.

Methods: The first cohort was the Discovery Cohort, which included 318 obese patients. And the second cohort was the Verification
Cohort, which included a total of 4333 subjects who underwent a routine health checkup at our hospital. Spearman correlation analysis
and binary logistic regression analysis were used to discuss the correlation between SUA and IR.

Results: Regardless of sex, fasting insulin (FINS) and IR replacement markers increased with SUA (P<0.001). In both cohorts, SUA
was associated with IR alternatives, especially with New model, and differed between men and women in all correlation analyses.
After adjusting for confounding factors, SUA was still associated with IR (P<0.001).

Conclusion: The correlation between SUA and IR was significantly stronger in women than in men. And the correlation between
SUA and New model is stronger than other IR replacement models. However, the causal relationship between SUA and IR has not
been clearly established.
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Introduction
There are approximately 537 million cases of diabetes worldwide, of which type 2 diabetes (T2D) accounts for nearly 90%, and
the prevalence is still increasing." The prevalence of T2D is increasing, and the age of onset is becoming younger and younger.
In the early stages of T2D, insulin concentration is elevated to try to decrease glucose, but the body is “resistant” to this
elevated blood insulin.” This process is described as insulin resistance (IR). The heart relies on insulin signaling to manage
myocardial matrix supply and directly affect myocardial metabolism, and IR disrupts this process, leading to severe myocardial
disorders and increasing the risk of coronary artery disease and heart failure.® IR is associated with obesity and metabolic
dysfunction-associated steatotic liver disease (MASLD).* IR-induced reduced inhibition of lipolysis at the adipose tissue level
and increased production of new liver fat, gradually evolving into cirrhosis, and T2D has been identified as an independent risk
factor for the development of non-viral hepatocellular carcinoma (HCC).” IR can also worsen our memory and gradually
become a potential feature of Alzheimer’s disease.® Therefore, the early prevention and treatment of T2D is essential.
Although many risk factors for diabetes have been recognized, such as obesity, advanced age, and high blood
pressure. Even after the traditional control of blood sugar and obesity, which are two important risk factors, the
incidence of diabetes and macrovascular complications is increasing year by year. What’s more, early studies have
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shown that IR is related to hyperuricemia,” which also provides a new perspective for us to control IR. More and
more studies focus on SUA. Previous data® showed that approximately 17.4% of individuals in China suffered
from hyperuricemia. Hyperuricemia is associated with numerous long-term health conditions. A prospective study
in Taiwan suggested that uric acid extended the association with the future risk of T2D.’ However, the direct
relationship between SUA and the development of T2D remains controversial.

At present,'® the hyperinsulin normal glucose clamp technique (HEC) is considered to be the most accurate
method for assessing IR, but the operation is complicated, expensive and invasive, so it is not suitable for the
promotion of large sample populations. HOMA-IR is considered as an alternative indicator of this technique, but
the measurement is not accurate enough and the repeatability is poor. In addition to HOMA-IR, Adipose tissue
insulin resistance (ADIPO-IR), TyG and TG/HDL-c can also be used to represent IR. In the early stage, our team
first screened the risk factors of IR through univariate logistic regression analysis. Multivariate logistic regression
analysis was performed, and four variables, namely visceral fat area (VFA), triacylglycerol (TG), fasting blood
glucose (FPG) and alanine aminotransferase (ALT), were identified as risk factors for IR. We then used VFA, age,
ALT, TG, FPG to construct a new model that is convenient for clinical application based on an easily accessible
and low-cost prediction model of IR measurement parameters, and shows high predictive power."’

Hence, we aimed to explore the correlation between SUA and IR by using the multiple IR substitutes represented by
New model and to facilitate early detection of IR in patients with hyperuricemia.

Methods

Subjects

Study population is made up of two cohort. The first cohort, the discovery cohort, consisted of 439 subjects, of
which 115 subjects underwent a health check between September 2021 and January 2022 and the other 324
subjects were patients who attended an obesity clinic between January 2021 and June 2022. Participants with no
recorded laboratory results, participants under 18 years of age, individuals who may affect uric acid levels (such as
purine metabolism disorders, renal failure, polycystic kidney disease, urinary stones, and participants taking
medications that affect plasma uric acid levels), and individuals who had taken hypoglycemic medications were
excluded from the study. A total of 110 patients were excluded. The second cohort was the Verification Cohort,
which selected 4333 subjects who underwent physical examination at the Health Management Center of Tianjin
People’s Hospital from August to November 2020. People under the age of 18, pregnant women, people with
incomplete basic information, people with a pacemaker implant and people with mental illness have been
excluded. A total of 35 patients were excluded. The Ethics Committee of Tianjin People’s Hospital has reviewed
and approved this study (No. 2021C06). The study complies with the Declaration of Helsinki. All subjects signed
informed consent forms.

Clinical Measurement and Assessment of Body Composition

Basic characteristics (including age, sex, height, and weight) were recorded. Weight and height were evaluated by the DST-
600 fully automatic height and weight instrument with 0.1 kg of accuracy. Body mass index (BMI) was obtained by dividing
weight (kg) by the square of height (m2). Diastolic blood pressure (DBP) and systolic blood pressure (SBP) were measured
by a fully automated electronic sphygmomanometer, which was measured twice for each subject in a quiet state. Body
composition was assessed by the bioelectrical impedance analysis method (Inbody770, Bio-space Inc., Korea), which is
a very reliable and popular tool to assess body fat distribution and the distribution of individual components. All subjects were
asked to wear light clothing, remove shoes and socks, remove metal accessories, and then stand upright on the electrode. The
test measures skeletal muscle mass (SMM), fat-free mass (FFM), visceral fat area (VFA), and body fat percentage (PBF).

Laboratory Measurements
Venous blood samples were collected from all participants, centrifuged to obtain serum samples, and stored in
a refrigerator at — 80 degrees until thawed when the samples needed to be analyzed. The levels of free fatty acids
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(FFAs), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST), fasting plasma glucose (FPG),
glycosylated hemoglobin (HbA1c), and serum uric acid (SUA) were determined analyzed using an automated biochem-
ical analyzer (TBA120FR, Toshiba, Japan). According to the Chinese guidelines for preventing and treating hyperur-
icemia, hyperuricemia is defined as adult fasting blood uric acid greater than or equal to 420 pumol/L, no longer
distinguishing between males and females. Fasting insulin (FINS) was detected by chemiluminescence immunoassay.

Calculation and Definition of IR

Homeostatic model assessment of IR (HOMA-IR)'? was calculated as fasting insulin (FINS, pU/mL) x fasting plasma
glucose (FPG, mmol/L)/22.5. At present, the Chinese epidemiological surveys' have defined IR with a HOMA-IR value
of 2.69 in adults. Adipo-IR' was calculated as FINS (un U/mL) xfree fatty acid (FFA) (mmol/L). TyG index'’ is
calculated by using the equation Ln [FPG (mg/dL) x TG (mg/dL)/2]. The TG/HDL-C ratio was calculated as TG (mg/dL)
divided by HDL-C (mg/dL). Since visceral obesity plays a significant role in the development of insulin resistance (IR),'
our team has done extensive preliminary work and proposed a new IR prediction model (New Model)!' whose
calculation formula includes visceral obesity indicators. The prediction value of New model for IR has been confirmed
by comparing it with other IR substitutes. The formula of the predictive model was (1.4892 x Ln VFA + 0.6906 % Ln
ALT +0.4966 x Ln TG + 2.784 x Ln FPG +0.0293 x age)/2, and the cut-off value of New model is calculated to be 8.18.

Statistical Analysis

The extreme values and missing values were processed and all data were imported into SPSS 27.0 statistical software for
data analysis. The Shapiro—Wilk test was used to check whether the data distribution was normal. The mean + standard
deviation (SD) was used if the data was normally distributed, and the median (interquartile) was used if the data were not
normally distributed. Analysis of variance between groups was performed using the one-way ANOVA or unpaired 7-test
for continuous variables that obeyed a normal distribution. The pairwise comparison was performed by TukeyHSD test.
And the Mann—Whitney U-test for continuous variables that did not obey a normal distribution or obeyed a normal
distribution with uneven variance. Post-hoc pairwise comparisons were performed using the Bonfferroni test. To
investigate the relationship between SUA and IR, Spearman correlation analysis was performed. The confounding
factors were adjusted by linear regression. To evaluate the prevalence risk of IR, binary logistic regression analysis
was adopted to estimate the odds ratio (OR) and 95% confidence interval (CI) between SUA and IR. All statistical tests
were statistically significant with p< 0.05.

Results
Basic Characteristics of the Two Study Cohorts

Due to sex differences in hyperuricemia incidence and SUA levels, all participants in the discovery cohort were divided
into two groups by sex, with each group further classifying enrolled participants into low and high SUA based on
diagnostic criteria for hyperuricemia. There were 129 (40.57%) males and 189 (59.43%) females in the study group,
including 46 (35.66%) males and 30 (15.87%) females in the HUA group. Table 1 shows the anthropometric character-
istics, basic characteristics and metabolic characteristics of the participants in the four groups. Regardless of sex Weight,
BMI, Cr, ALT, AST, TG, FINS, VFA, PBF, FMM, SMM, HOMA-IR, Adipo-IR, TyG, TG/HDL-c and New model were
significantly higher in the HUA group (p<0.001). The median value of SUA was 496.50umol/L in the male HUA group
and 331.00pmol/L in the NUA group. The median value of uric acid was 486.00umol/L in the female HUA group and
288.00pumol/L in the NUA group. In addition, in males, HbAlc and TC were higher in the HUA group (p<0.05), and in
females, HDL-c was lower in the NUA group than in the HUA group (p<0.001).In all clinical measures, males had
significantly higher SUA than females, and the female group had a higher VFA, PBF, FINS, and IR.

The basic clinical characteristics of 4333 subjects in the Verification Cohort were shown in Table 2. The age, SUA,
ALT, TG, VFA, PBF, FMM, SMM, TyG, TG/HDL-c and New mode of male group were significantly higher than that of
female group (p<0.001).
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Table | Clinical Characteristics of the Discovery Cohort According to Gender and SUA

Items Male P Female P
HUA NUA HUA NUA
N(%) N=46(35.66%) N=83(64.34%) N=30(15.87%) N=159(84.13%)
Age(years) 36.26x10.76 37.78x11.48 0.466 35.43%11.36 33.97+9.63 0.346
Height(cm) 175.66+6.58 173.65+6.38 0.092 162.95+5.46 163.26+5.82 0.829
Weight(kg) 101.79£18.54 85.171+21.93 <0.001 | 93.51+12.88 75.64+20.54 <0.001
BMiI(kg/m2) 33.01+5.83 28.35+6.89 <0.001 | 35.23+4.70 28.43+7.57 <0.001
SBP(mmHg) 135.34+13.60 129.64x17.11 0.054 138.48+24.43 124.60+17.17 <0.001
DBP(mmHg) 83.85+12.52 78.54+11.44 0.016 82.76+13.67 76.02+12.14 0.010
Cr(umol/L) 75.00(67.75,84.00) 71.00(63.75,84.00) 0.254 64.00(57.15,70.62) 57.00(51.68,66.55) 0.009
SUA(umol/L) 496.50(462.00,558.25) | 331.00(288.00,364.00) | <0.001 | 486.00(449.00,558.00) | 288.00(240.00,350.00) | <0.001
AST(U/L) 27.50(22.70,38.35) 21.00(18.00,25.10) <0.001 | 31.80(18.55,57.30) 18.70(15.00,30.00) <0.001
ALT(U/L) 46.95(33.43,66.25) 24.00(16.00,38.60) <0.001 | 35.90(20.80,68.60) 18.40(12.9,30.00) <0.001
FPG(mmol/L) 5.05(4.80,5.39) 4.86(4.50,5.30) 0.178 5.15(4.60,6.27) 4.84(4.45,5.23) 0.013
HbA (%) 5.65(5.40,6.00) 5.40(5.30,5.80) 0.151 5.80(5.30,6.05) 5.50(5.30,5.80) 0.008
FFA(mmol/L) 0.89(0.70,1.04) 0.80(0.59,0.98) 0.046 0.80(0.70,1.04) 0.83(0.63,1.06) 0.833
TG(mmol/L) 1.88(1.21,3.27) 1.26(0.92,1.83) <0.001 | 2.45(1.22,3.34) 1.19(0.79,1.71) <0.001
TC(mmol/L) 5.02(4.44,5.86) 4.47(4.11,5.09) 0.004 5.23(4.68,6.30) 4.68(4.12,5.30) 0.001
HDL-c(mmol/L) | 1.22(1.02,1.39) 1.29(1.13,1.50) 0.075 1.04(0.89,1.29) 1.46(1.23,1.75) <0.001
LDL-c(mmol/L) | 3.16+0.84 2.90+0.75 0.075 3.63+1.18 2.84+0.72 0.002
VFA(cm?2) 167.55+£59.41 120.36+69.2 <0.001 | 209.89+33.20 144.66+66.78 <0.001
PBF(%) 35.98+7.34 29.50+9.82 <0.001 | 46.14+4.02 38.16+9.21 <0.001
FFM(kg) 63.95+8.10 58.00+8.19 <0.001 | 49.66+5.63 45.24+7.10 <0.001
SMM(kg) 35.88+4.94 32.54+5.05 <0.001 | 27.40+3.36 24.68+4.28 <0.001
FINS(uU/mL) 16.70(13.04,26.17) 12.12(7.12,16.55) <0.001 | 20.63(16.16,28.83) 14.30(8.19,19.56) <0.001
TyG 1.63+0.74 1.18+0.55 <0.001 | 1.76+0.82 1.12+0.69 <0.001
HOMA-IR 3.70(2.77,6.57) 2.51(1.59,3.95) <0.001 | 5.53(3.51,8.12) 3.05(1.77,4.52) <0.001
Adipo-IR 15.38(10.28,28.83) 8.77(4.71,15.31) <0.001 | 18.78(11.21,28.17) 11.63(5.21,19.78) <0.001
TG/HDL-c 1.51(1.01,2.51) 0.94(0.63,1.58) <0.001 | 1.97(0.86,3.75) 0.82(0.47,1.31) <0.001
New model 8.09+0.58 7.44+0.80 <0.001 | 8.32+0.70 7.40+0.77 <0.001

Note: Continuous data were presented as mean * standard deviation or median (interquartile range).

Abbreviations: HUA, hyperuricemia; NUA, not hyperuricemia; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Cr, creatinine;
SUA, serum uric acid; AST, aspartate transaminase; ALT, alanine transaminase; FPG, fasting plasma glucose; HbA I c, glycated hemoglobin; FFA, free fatty acids; TG,
triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; VFA, visceral fat area; PBF, percent
body fat; FFM, fat-free mass; SMM, skeletal muscle mass; FINS, fasting insulin; TyG, triglyceride-glucose index; HOMA-IR, homeostatic model assessment of insulin
resistance; Adipo-IR, adipose tissue insulin resistance; TG/HDL-c, triglycerides divided by high-density lipoprotein cholesterol; New model, new insulin resistance
prediction model.

Table 2 Clinical Characteristics of the Verification Cohort According

to Gender
Items Male Female P
N(%) 1812(41.8%) 2521(58.2%)
Age(years) 45.20+17.80 42.35+13.89 <0.001
Height(cm) 172.42+6.30 160.63+5.58 <0.001
Weight(kg) 76.39+11.37 59.17+8.72 <0.001
BMiI(kg/m?2) 25.63+3.29 22.94+3.27 0.853
SBP(mmHg) 127.46+16.38 117.83£17.35 0.097
DBP(mmHg) 80.50+10.61 75.02+9.87 0.029
Cr(umol/L) 76.00(69.00,82.00) 56.00(51.00,61.00) <0.001
SUA(umol/L) 358.00(317.00,400.00) | 268.00(237.00,308.00) | <0.001
(Continued)
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Table 2 (Continued).

Items Male Female

ALT(U/L) 22.20(15.70,33.20) 13.00(9.60,18.70) <0.001
FPG(mmol/L) 5.23(4.91,5.69) 5.03(4.76,5.37) <0.001
TG(mmol/L) 1.35(0.99,1.86) 1.00(0.74,1.41) <0.001
TC(mmol/L) 4.59(4.41,5.57) 4.94(4.37,5.66) 0.785
HDL-c(mmol/L) | 1.33 (1.18,1.55) 1.60(1.38,1.86) <0.001
LDL-c(mmol/L) | 2.65(2.32,3.03) 2.62(2.28,3.06) 0.449
VFA(cm2) 87.70(68.90,109.80) 87.60(64.68,114.73) <0.001
PBF(%) 26.80(22.80,30.70) 32.50(28.40,36.30) <0.001
FFM(kg) 55.54+6.89 39.64+4.29 <0.001
SMM(kg) 31.07+4.15 21.36%2.56 <0.001
TyG 1.29(0.94,1.62) 0.92(0.60,1.32) <0.001
TG/HDL-c 1.01(0.65,1.50) 0.61(0.43,0.97) <0.001
New model 7.48(7.07,7.92) 7.01(6.60,7.60) <0.001

Note: Continuous data were presented as mean * SD or median (interquartile range).

Abbreviations: BMI|, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; Cr, creatinine; SUA, serum uric acid; ALT, alanine transaminase; FPG, fasting
plasma glucose; TG, triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein
cholesterol; LDL-c, low-density lipoprotein cholesterol; VFA, visceral fat area; PBF, percent
body fat; FFM, fat-free mass; SMM, skeletal muscle mass; TyG, triglyceride-glucose index;
TG/HDL-c, triglycerides divided by high-density lipoprotein cholesterol; New model, new

insulin resistance prediction model.

Comparison of Basic Characteristics and IR in Groups of SUA
To explore the correlations between SUA and IR, the SUA of males and females were further divided into three groups
using the tertiles method (Tables 3 and 4).

Table 3 Characteristics of Male Subjects in the Discovery Cohort According to SUA Tertiles

Items TI T2 T3 P
N 43 43 43
Age(years) 36.33£10.93 36.86+10.64 38.83+12.23 0.484
Height(cm) 175.81+6.57 174.1945.38 172.80+7.27 0.094
Weight(kg) 74.50(69.30,92.30) 82.20(71.00,105.30) 101.70(88.80,114.70)° | <0.001
BMl(kg/m?2) 25.26(23.40,31.85) 28.08(23.14,34.75) 32.86(29.04,37.52)° <0.001
SBP(mmHg) 130.24+16.07 128.36+18.20 136.57+13.40° 0.047
DBP(mmHg) 77.62+11.45 79.29%11.41 84.57+12.82° 0.028
Cr(umol/L) 69.00(61.00,74.64) 72.00(65.00,88.00) 75.00(69.00,84.00) 0.036
SUA(umol/L) 295.00(258.00,318.00) | 366.00(358.00,400.00)* | 498.00(464.00,562.00)® | <0.001
AST(U/L) 21.00(18.00,25.10) 22.00(18.00,26.00) 28.00(22.80,39.40)° <0.001
ALT(U/L) 23.00(15.00,36.70) 24.00(20.00,41.70) 47.00(35.50,65.00)° <0.001
FPG(mmol/L) 4.85(4.59,5.30) 4.91(4.50,5.30) 5.03(4.74,5.35)° 0.351
HbA I c(%) 5.40(5.30,5.90) 5.40(5.30,5.70) 5.70(5.40,6.00) 0.031
FFA(mmol/L) 0.77(0.57,0.97) 0.81(0.62,1.02) 0.90(0.74,1.05) 0.043
TG(mmol/L) 1.21(0.94,1.78) 1.34(0.92,1.86) 1.93(1.35,3.68)° <0.001
TC(mmol/L) 4.47(4.11,5.07) 4.47(4.05,5.11) 5.05(4.48,5.91)° 0.006
HDL-c(mmol/L) | 1.32(1.21,1.54) 1.22(1.04,1.42) 1.21(1.02,1.40) 0.029
LDL-c(mmol/L) | 2.75(2.47,3.34) 2.90(2.33,3.42) 3.07(2.74,3.72) 0.091
VFA(cm?2) 113.434£66.72 130.61£72.57 170.28+58.50° <0.001
PBF(%) 28.71+9.85 30.5419.62 35.92+7.48° 0.001
(Continued)

Diabetes, Metabolic Syndrome and Obesity 2024:17

https:

Dove:

3787


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove
Table 3 (Continued).
Items TI T2 T3 P
FFM(kg) 56.43+7.84 59.44+8.44 64.42+7.88° <0.001
SMM(kg) 31.69+4.92 33.505.01 36.25+4.85° <0.001
FINS(nU/mL) 11.33(6.87,15.99) 12.43(7.34,16.55) 18.19(1 3.4|,26.66)b <0.001
TG 1.04(0.77,1.49) 1.11(0.83,1.59) 1.53(1.18,2.23)° <0.001
HOMA-IR 2.50(1.56,4.34) 2.68(1.60,3.90) 4.19(3.05,7.04)° <0.001
Adipo-IR 7.15(4.55,15.75) 9.61(5.26,14.81) 15.95(10.88,29.24)° <0.001
TG/HDL-c 0.91(0.64,1.32) 1.11(0.83,1.80) 1.60(1.02,2.53)" <0.001
New model 7.40(6.67,8.07) 7.63(6.84,8.07) 8.09(7.77.8.36)° <0.001
Notes: *T| VS T2, p<0.05. ®T2 VS T3, p<0.05.
Table 4 Characteristics of Female Subjects in the Discovery Cohort According to SUA
Tertiles
Items TI T2 T3 P
N 63 63 63
Age(years) 34.84+8.8I 34.22+10.88 33.73+10.07 0.745
Height(cm) 163.07+6.00 163.90+5.52 162.71+5.73 0.698
Weight(kg) 58.60(52.20,64.00) | 81.50(67.80,92.00)* 89.40(84460,‘5‘9.50)b <0.001
BMI(kg/m?2) 21.26(19.72,25.38) | 30.56(24.70,34.47)* 33.46(31 .57,37.46)b <0.001
SBP(mmHg) 118.19£15.17 128.29+16.43% 133.92+21.67° 0.424
DBP(mmHg) 70.68+10.20 78.95+11.39* 81.49+13.38° 0.178
Cr(umol/L) 56.00(50.00,66.00) | 61.00(54.00,74.00) 58.00(52.75,66.25) 0.016
SUA(umol/L) 230.00(208,250) 312.00(287.00,340.00)* | 41 9.00(385.00,483.00)b <0.001
AST(U/L) 16.00(14.00,20.00) | 19.00(16.00,25.20) 30.00(1 9460,43.00)b <0.001
ALT(U/L) 13.00(10.00,19.00) | 19.00(13.00,30.00) 35.30(19.60,67.1 0)b <0.001
FPG(mmol/L) 4.80(4.40,5.10) 4.89(4.53,5.31) 5.03(4.58,5.88)b 0.025
HbA I c(%) 5.40(5.30,5.60) 5.50(5.40,5.80) 5.70(5.40,6.10) 0.007
FFA(mmol/L) 0.74(0.60,0.95) 0.87(0.63,1.04)* 0.90(0.72,1.13) 0.020
TG(mmol/L) 0.90(0.67,1.28) 1.31(0.97,1.75)* 1.75(1 .39,2.85)b <0.001
TC(mmol/L) 4.571£0.99 4.70£1.02 5.10+0.99b 0.062
HDL-c(mmol/L) | 1.66(1.40,1.82) 1.35(1.20,1.80)* 1.17(0.97,1 .43)b <0.001
LDL-c(mmol/L) | 2.70(2.37,3.21) 2,79(2.33,3.28) 3.21 (2.57,3.72)b 0.003
VFA(cm2) 92.36+45.55 167.78+59.35° 204.26+36.53° 0.023
PBF(%) 31.18+7.48 41.18+7.38% 45.85+4.95 0.023
FFM(kg) 41.1945.12 42.1117.46 49.5415.60 0.358
SMM(kg) 22.14+3.00 25.82+4.44 27.39+3.38 0.376
FINS(pU/mL) 8.91(6.34,14.57) 15.43(10.12,24.20) 19.64(1 6.20,27.44)b <0.001
TyG 0.73(0.44,1.14) 1.13(0.81,1.50)* 1.52(1.18,1 .98)b <0.001
HOMA-IR 1.87(1.26,3.30) 3.41(2.12,5.40)* 4.47(3.37,7.03)" <0.001
Adipo-IR 5.86(4.40,11.88) 13.76(7.35,19.55)* 19.99(13.12,28.1 I)b <0.001
TG/HDL-c 0.55(0.38,0.83) 0.91(0.58,1.48)* | .42(0.96,2.79)b <0.001
New model 6.75(6.34,7.26) 7.67(2.67,8.00) 8.09(7.65,8.38)" <0.001
Notes: *T| VS T2, p<0.05. °T2 VS T3, p<0.05. Continuous data were presented as mean + SD or median (interquartile range).
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; Cr, creatinine; SUA,
serum uric acid; AST, aspartate transaminase; ALT, alanine transaminase; FPG, fasting plasma glucose; HbA ¢, glycated
hemoglobin; FFA, free fatty acids; TG, triglycerides; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol;
LDL-c, low-density lipoprotein cholesterol; VFA, visceral fat area; PBF, percent body fat; FFM, fat-free mass; SMM,
skeletal muscle mass; FINS, fasting insulin; TyG, triglyceride-glucose index; HOMA-IR, homeostatic model assessment of
insulin resistance; Adipo-IR, adipose tissue insulin resistance; TG/HDL-c, triglycerides divided by high-density lipopro-
tein cholesterol; New model, new insulin resistance prediction model.
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In males, there were significant differences in Weight, BMI, ALT, AST, FPG, HbAlc, FFA, TG, TC, HDL-c, FINS,
VFA, PBF, FFM, SMM, TyG, HOMA-IR, Adipo-IR, TG/HDL-c and New model among the three groups (p<0.05). BMI,
ALT, AST, FPG, HbAlc, FFA, TG, FINS, VFA, PBF, FFM, and SMM increased significantly with the tertiles of SUA,
and IR was stronger.

In females, there were significant differences in Weight, BMI, ALT, AST, FPG, HbAlc, FFA, TG, HDL-c, LDL-c,
FINS, VFA, PBF, TyG, HOMA-IR, Adipo-IR, TG/HDL-c, and New model among the three groups (p<0.05). As
expected, BMI, ALT, AST, FPG, HbAlc, FFA, TG, LDL-c, FINS, VFA, and PBF increased significantly with the tertiles
of SUA, and also IR was stronger.

Correlation Analysis of SUA and IR

The changes of IR alternatives at different SUA levels had led us to think about the association between IR and SUA. As
shown in Figure 1, SUA was positively correlated with HOMA-IR, Adipo-IR, TyG, TG/HDL-c and New model in both
cohorts (p<0.001). And SUA has the strongest correlation with New model. The correlation coefficients were 0.379 and
0.675, respectively, for subjects of different sexes in the Discovery Cohort. In the Verification Cohort, the correlation
coefficients were 0.245 and 0.412, respectively.

Association of SUA with IR Risk

Binary Logistic regression was used to analyze the relationship between SUA and IR risk. Adjusting for age, sex, SBP,
BMI and HDL-c in the Discovery Cohort, the results showed that HUA could increase the risk of co-existing IR in obese
patients. The OR value of HOMA-IR was 2.709 (95% CI, 1.106, 6.635), and the OR value of New model was 3.790
(95% CI, 1.941, 7.398). All results were presented in Table 5.

Discussion

In this study, we retrospectively compared the differences in general clinical indicators and IR in 129 males and 189
females in the Discovery Cohort, and verified the association between SUA and IR in 4333 subjects who underwent
physical examination. The results showed a correlation between SUA and IR regardless of sex, and this association was
significantly stronger in women than men, more notably, the strongest correlation between IR and SUA as assessed by
New model.

In our subjects, the incidence of hyperuricemia and average SUA level were significantly higher among males than
females. A survey'’ based on the data from CNHS 2015-2017 has confirmed sex differences in hyperuricemia. Due to
differences in SUA between males and females, male and female subjects in the Discovery Cohort were divided into
three groups based on SUA. We noticed that as SUA levels increased, lipid values and alternative IR indicators also
increased, regardless of sex. Especially in the T3 group, metabolic disorders and insulin resistance were more severe.
Previous studies'® have shown that dyslipidemia, high triglycerides and LDL-C, and low HDL-C, as well as obesity,
indicated proinflammatory states/oxidative stress. When the body is in a state of inflammation or oxidative stress, IR is
more likely to occur.

A previous cohort study'® had already shown that patients with elevated SUA were most likely to develop IR and
diabetes over years to decades, with each 1 mg/dL increase in SUA associated with a 17% increased risk of T2D. Since
insulin mainly binds to cell receptors in skeletal muscle, adipose tissue, and liver,”® We thoroughly assessed the
relationship between SUA and multi-organ IR in different sexes. Similar to the results of a recent Iranian study,?'
TyG and TG/HDL-c were also correlated with SUA in the Two Cohorts of this study. In addition, a study in northern
China,'? which included 5821 adults, found that SUA was associated with HOMA-IR and Adipo-IR regardless of BMI,
and highlighted the key role of Adipo-IR in SUA metabolism and hyperuricemia. Unlike previous studies, we
innovatively adopted New model to assess the association between insulin resistance and SUA. Surprisingly, regardless
of sex, the correlation between SUA and New model was stronger than other IR alternatives in Two Cohort, which may
be fundamentally due to its combination of VFA and multiple biochemical indicators. In particular, we observed that the
correlation coefficient between SUA and New model in the Discovery Cohort was stronger than that in the Verification
Cohort, which further indicated New model could better evaluate IR in people with obesity.
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Figure | Correlation between insulin resistance and SUA in male and female subjects.

We also found that women had higher FINS levels than men, and the correlation between SUA and IR was stronger in
women than in men. We then obtained the same results in a large sample of people in the Verification Cohort. This
finding is consistent with previous studies. The US National Health and Nutrition Examination Survey data from 2011 to
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Table 5 Association Between SUA and the Risk of IR in the Discovery Cohort

Modell OR(95% CI) | Model2 OR(95% CI) | Model3 OR(95% CI)
HOMA-IR NUA | | | |
HUA | 6.204(2,959,13.008) 5.849(2.655,12.887) 2.709(1.106,6.635)
p <0.001 <0.001 <0.005
New model | NUA | | | |
HUA | 5.783(3.284,10.184) 5.003(2.699,9.275) 3.790(1.941,7.398)
p <0.001 <0.001 <0.001
Notes: Model I: not adjusted. Model 2: adjusted for age, sex, SBP. Model 3: adjusted for BMI and HDL-c based on
Model 2.

Abbreviations: OR, odds ratio; Cl, confidence interval; NUA, not hyperuricemia; HUA, hyperuricemia; HOMA-IR,
homeostatic model assessment for insulin resistance.

2016* suggest that the relationship between SUA and IR remains significant after full adjustment for confounding
factors. Compared to the lowest quartile of SUA, men and women had an OR of 1.600 and 1.940 in the highest quartile.
Furthermore, A cross-sectional study®® in Brazil that included 13,207 participants, stratified by sex, showed that higher
SUA levels were significantly associated with impaired blood sugar status, and this association was stronger in women.
The reason for this phenomenon may be related to female estrogen levels,* which can directly act on the islet beta cells
to promote insulin synthesis, increase glucose-stimulated insulin secretion, and promote urinary excretion. However, it is
not known whether estrogen plays a decisive role in our study.

Recently, three Mendelian randomization studies have demonstrated that genetic loci associated with SUA can predict
SUA levels but do not predict T2D, suggesting that they do not play a causal role.”> >’ Therefore, we cannot determine
whether SUA can directly cause IR. Adipokines released by adipose tissue affect insulin sensitivity in other tissues,
especially skeletal muscle, and liver, leading to local and systemic IR.*® These findings also explained the significant
decrease in the OR values of both HOMA-IR and the new model after adjusting for confounding factors such as BMI.
Moreover, we noted that females with HUA had significantly higher VFA and PBF than males, New model containing
VFA were most strongly associated with SUA, and SUA was more strongly associated with IR in people with obesity,
and we hypothesized that obesity also strengthened the association between SUA and IR.

While the exact causal relationship between SUA and IR remains unclear, numerous mechanistic studies have elucidated
that SUA has the potential to cause IR. High SUA may inhibit IRS1 and Akt insulin signaling and induce IR.* SUA inhibits the
initiation of the insulin signaling pathway by recruiting ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) at the
receptor level. In the liver, HUA can lead to hepatic insulin resistance through the above pathways.?’ Excessive SUA will
reduce the bioavailability of nitric oxide, leading to endothelial dysfunction and IR, and then cause IR in tissues with wide
distribution of endothelial cells such as kidney and cardiovascular.>® SUA promotes oxidative stress and increases the
production of pro-inflammatory cytokines, and can induce IR in a variety of tissues and cells, including pancreatic beta
cells, skeletal muscle, adipose tissue, liver, cardiac vascular endothelial cells, and macrophages.7

There are some limitations in this study. The standard method for measuring insulin resistance is the normal glucose
hyperinsulinemic clamp technique, which is widely considered the most reliable. However, due to its intricate and
invasive nature, it was not applied in this study, leading to an insufficiently accurate assessment of IR. Secondly, no
information was obtained on factors that influence SUA, such as the subjects’ eating habits and exercise. Although we
obtained the strongest correlation between New model and SUA, we could only compare the New model with TyG and
HDL-c in the Verification Cohort, because FINS and FFA were not detected in the physical examination population.
Therefore, these findings should be supported by broader studies, such as prospective cohort studies, and studies of
different ethnic groups and mechanisms.
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Conclusions

Our study supports a positive correlation between SUA and IR, and the correlation between SUA and New model is
stronger than other IR alternatives. In addition, the analysis showed that there was a positive correlation between SUA
and IR in both men and women, and the correlation was significantly stronger in women than in men. Despite this, the
causal relationship between SUA and IR remains to be established. Further prospective cohort studies are necessary, such
as including larger sample data and other ethnic groups, while controlling for confounding factors such as BMI and sex.

Acknowledgments
We thank all authors for their contribution to this study and all patients who participated in the study for their
cooperation.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Disclosure
The authors participating in this study declare that they have no conflicts of interest.

References

1. Sun H, Saeedi P, Karuranga S, et al. IDF Diabetes Atlas: global, regional and country-level diabetes prevalence estimates for 2021 and projections
for 2045. Diabet Res Clin Pract. 2022;183:109119. doi:10.1016/j.diabres.2021.109119
2. Kahn SE. The relative contributions of insulin resistance and beta-cell dysfunction to the pathophysiology of type 2 diabetes. Diabetologia. 2003;46
(1):3-19. doi:10.1007/s00125-002-1009-0
3. Caturano A, Galiero R, Vetrano E, et al. Insulin—heart axis: bridging physiology to insulin resistance. Int J Mol Sci. 2024;25(15):8369. doi:10.3390/
ijms25158369
4.Li M, Chi X, Wang Y, Setrerrahmane S, Xie W, Xu H. Trends in insulin resistance: insights into mechanisms and therapeutic strategy. Signal
Transduct Target Ther. 2022;7:216. doi:10.1038/541392-022-01073-0
5. Vetrano E, Rinaldi L, Mormone A, et al. Non-alcoholic fatty liver disease (NAFLD), Type 2 diabetes, and non-viral hepatocarcinoma:
pathophysiological mechanisms and new therapeutic strategies. Biomedicines. 2023;11(2):468. doi:10.3390/biomedicines11020468
6. Neth BJ, Craft S. Insulin resistance and Alzheimer’s disease: bioenergetic linkages. Front Aging Neurosci. 2017;9:345. doi:10.3389/
fnagi.2017.00345
7. Yu W, Xie D, Yamamoto T, Koyama H, Cheng J. Mechanistic insights of soluble uric acid-induced insulin resistance: insulin signaling and beyond.
Rev Endocr Metab Disord. 2023;24(2):327-343. doi:10.1007/s11154-023-09787-4
. Huang J, Ma ZF, Zhang Y, et al. Geographical distribution of hyperuricemia in mainland China: a comprehensive systematic review and
meta-analysis. Glob Health Res Policy. 2020;5:52. doi:10.1186/541256-020-00178-9
9. Wu WC, Lai YW, Chou YC, et al. Serum uric acid level as a harbinger of type 2 diabetes: a prospective observation in Taiwan. Int J Environ Res
Public Health. 2020;17(7):2277. doi:10.3390/ijerph17072277
10. Otten J, Ahrén B, Olsson T. Surrogate measures of insulin sensitivity vs the hyperinsulinaemic—euglycaemic clamp: a meta-analysis. Diabetologia.
2014;57(9):1781-1788. doi:10.1007/s00125-014-3285-x
11. Zhang S, Wang XC, Li J, et al. Establishment and validation of a new predictive model for insulin resistance based on 2 Chinese cohorts: a
cross-sectional study. Int J Endocrinol. 2022;2022:8968793. doi:10.1155/2022/8968793
12. Zhang K, Pan H, Wang L, Yang H, Zhu H, Gong F. Adipose tissue insulin resistance is closely associated with metabolic syndrome in Northern
Chinese populations. Diabetes Metab Syndr Obes. 2021;14:1117-1128. doi:10.2147/DMS0.S291350
13. Xing Yan X, Yang Ying W, Yang Jun Z. The diagnostic significance of homeostasis model assessment of insulin resistance in metabolic syndrome
among subjects with different glucose tolerance. Chin J Diab. 2004;12(3):182—-186.
14. Gastaldelli A, Gaggini M, DeFronzo RA. Role of adipose tissue insulin resistance in the natural history of type 2 diabetes: results from the San
Antonio metabolism study. Diabetes. 2017;66(4):815-822. doi:10.2337/db16-1167
15. Guerrero-Romero F, Simental-Mendia LE, Gonzalez-Ortiz M, et al. The product of triglycerides and glucose, a simple measure of insulin
sensitivity. comparison with the euglycemic-hyperinsulinemic clamp. J Clin Endocrinol Metab. 2010;95(7):3347-3351. doi:10.1210/jc.2010-0288
16. Machann J, Stefan N, Wagner R, et al. normalized indices derived from visceral adipose mass assessed by magnetic resonance imaging and their
correlation with markers for insulin resistance and prediabetes. Nutrients. 2020;12(7):2064. doi:10.3390/nu12072064
17. Piao W, Zhao L, Yang Y, et al. The prevalence of hyperuricemia and its correlates among adults in China: results from CNHS 2015-2017.
Nutrients. 2022;14(19):4095. doi:10.3390/nu14194095
18. Yang T, Chu CH, Bai CH, et al. Uric acid level as a risk marker for metabolic syndrome: a Chinese cohort study. Atherosclerosis. 2012;220
(2):525-531. doi:10.1016/j.atherosclerosis.2011.11.014

oo

3792 s Diabetes, Metabolic Syndrome and Obesity 2024:17

Dove!


https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1007/s00125-002-1009-0
https://doi.org/10.3390/ijms25158369
https://doi.org/10.3390/ijms25158369
https://doi.org/10.1038/s41392-022-01073-0
https://doi.org/10.3390/biomedicines11020468
https://doi.org/10.3389/fnagi.2017.00345
https://doi.org/10.3389/fnagi.2017.00345
https://doi.org/10.1007/s11154-023-09787-4
https://doi.org/10.1186/s41256-020-00178-9
https://doi.org/10.3390/ijerph17072277
https://doi.org/10.1007/s00125-014-3285-x
https://doi.org/10.1155/2022/8968793
https://doi.org/10.2147/DMSO.S291350
https://doi.org/10.2337/db16-1167
https://doi.org/10.1210/jc.2010-0288
https://doi.org/10.3390/nu12072064
https://doi.org/10.3390/nu14194095
https://doi.org/10.1016/j.atherosclerosis.2011.11.014
https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

19. Kodama S, Saito K, Yachi Y, et al. Association between serum uric acid and development of type 2 diabetes. Diabetes Care. 2009;32
(9):1737-1742. doi:10.2337/dc09-0288

20. Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb Perspect Biol. 2014;6(1):
a009191. doi:10.1101/cshperspect.a009191

21. Seifi N, Nosrati M, Koochackpoor G, et al. The association between hyperuricemia and insulin resistance surrogates, dietary- and lifestyle insulin
resistance indices in an Iranian population: MASHAD cohort study. Nutr J. 2024;23:5. doi:10.1186/s12937-023-00904-2

22. Han Y, Han X, Yin Y, et al. Dose-response relationship of uric acid with fasting glucose, insulin, and insulin resistance in a United States cohort of
5148 non-diabetic people. Front Med Lausanne. 2022;9:905085. doi:10.3389/fmed.2022.905085

23. Galvao AIR, Beleigoli AMR, Vidigal PG, et al. The positive association between serum uric acid, impaired fasting glucose, impaired glucose
tolerance, and diabetes mellitus in the ELSA-Brasil study. Cad Saude Publica. 2021;37:¢00255920. doi:10.1590/0102-311X00255920

24. Borges RL, Ribeiro AB, Zanella MT, Batista MC. Uric acid as a factor in the metabolic syndrome. Curr Hypertens Rep. 2010;12(2):113-119.
doi:10.1007/s11906-010-0098-2

25. Sluijs I, Holmes MV, Van der Schouw YT, et al. A Mendelian randomization study of circulating uric acid and type 2 diabetes. Diabetes. 2015;64
(8):3028-3036. doi:10.2337/db14-0742

26. Keenan T, Zhao W, Rasheed A, et al. Causal assessment of serum urate levels in cardiometabolic diseases through a Mendelian Randomization
study. J Am Coll Cardiol. 2016;67(4):407-416. doi:10.1016/j.jacc.2015.10.086

27. Pfister R, Barnes D, Luben R, et al. No evidence for a causal link between uric acid and type 2 diabetes: a Mendelian randomisation approach.
Diabetologia. 2011;54(10):2561-2569. doi:10.1007/s00125-011-2235-0

28. Wu H, Ballantyne CM. Metabolic Inflammation and Insulin Resistance in Obesity. Circ Res. 2020;126(11):1549-1564. doi:10.1161/
CIRCRESAHA.119.315896

29.He F, Wang M, Zhao H, et al. Autophagy protects against high uric acid-induced hepatic insulin resistance. Molecul Cell Endocrinol.
2022;547:111599. doi:10.1016/j.mce.2022.111599

30. Bahadoran Z, Mirmiran P, Kashfi K, Ghasemi A. Hyperuricemia-induced endothelial insulin resistance: the nitric oxide connection. Pflugers Arch.
2022;474(1):83-98. doi:10.1007/s00424-021-02606-2

Diabetes, Metabolic Syndrome and Obesity Dove

Publish your work in this journal

Diabetes, Metabolic Syndrome and Obesity is an international, peer-reviewed open-access journal committed to the rapid publication of the
latest laboratory and clinical findings in the fields of diabetes, metabolic syndrome and obesity research. Original research, review, case reports,
hypothesis formation, expert opinion and commentaries are all considered for publication. The manuscript management system is completely
online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to
read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/diabetes-metabolic-syndrome-and-obesity-journal

Diabetes, Metabolic Syndrome and Obesity 2024:17 El ¥ in @ Dove 3793


https://doi.org/10.2337/dc09-0288
https://doi.org/10.1101/cshperspect.a009191
https://doi.org/10.1186/s12937-023-00904-2
https://doi.org/10.3389/fmed.2022.905085
https://doi.org/10.1590/0102-311X00255920
https://doi.org/10.1007/s11906-010-0098-2
https://doi.org/10.2337/db14-0742
https://doi.org/10.1016/j.jacc.2015.10.086
https://doi.org/10.1007/s00125-011-2235-0
https://doi.org/10.1161/CIRCRESAHA.119.315896
https://doi.org/10.1161/CIRCRESAHA.119.315896
https://doi.org/10.1016/j.mce.2022.111599
https://doi.org/10.1007/s00424-021-02606-2
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Methods
	Subjects
	Clinical Measurement and Assessment of Body Composition
	Laboratory Measurements
	Calculation and Definition of IR
	Statistical Analysis

	Results
	Basic Characteristics of the Two Study Cohorts
	Comparison of Basic Characteristics and IR in Groups of SUA
	Correlation Analysis of SUA and IR
	Association of SUA with IR Risk

	Discussion
	Conclusions
	Acknowledgments
	Author Contributions
	Disclosure

