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Background: The present study investigated the role of synergistic interaction between hyperuricemia and abdominal obesity as
a risk factor for the components of metabolic syndrome.

Methods: We performed a cross-sectional study using the data of 16,094 individuals from the seventh Korean National Health
and Nutrition Examination Survey (2016 to 2018). The adjusted odds ratios of metabolic syndrome and its components were ana-
lyzed by multivariate logistic regression analysis. The presence of synergistic interaction between hyperuricemia and abdominal
obesity was evaluated by calculating the additive scales—the relative excess risk due to interaction, attributable proportion due to
interaction, and synergy index (SI).

Results: There was a synergistic interaction between hyperuricemia and abdominal obesity in hypertriglyceridemia (men: SI, 1.39;
95% confidence interval [CI], 1.01 to 1.98; women: SI, 1.61; 95% CI, 1.02 to 2.69), and low high-density lipoprotein cholesterol
(HDL-C) (men: SI, 2.03; 95% CI, 1.41 to 2.91; women: SI, 1.70; 95% CI, 1.05 to 2.95). There was no significant synergistic interac-
tion between hyperuricemia and abdominal obesity for the risk of high blood pressure (men: SI, 1.22; 95% CI, 0.85 to 1.77; wom-
en: SI, 1.53; 95% CI, 0.79 to 2.97), and hyperglycemia (men: SI, 1.03; 95% CI, 0.72 to 1.47; women: SI, 1.39; 95% CI, 0.75 to 2.57).
Conclusion: Hyperuricemia and abdominal obesity synergistically increased the risk of hypertriglyceridemia and low HDL-C in
both sexes.
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INTRODUCTION

Uric acid, an inert metabolic end-product of purine metabo-
lism, is known to be the main culprit of gout, uric acid nephro-
lithiasis, and nephropathy. In the past few years, studies have
investigated the association of hyperuricemia with chronic
diseases such as hypertension, diabetes, metabolic syndrome
(MetS), chronic kidney disease, and cardiovascular disease [1-
4]. The prevalence of the aforementioned chronic diseases and
hyperuricemia is increasing with obesity because of dietary

and lifestyle changes [5,6].

MetS is a cluster of cardiometabolic risk factors, such as ab-
dominal obesity, elevated blood pressure (BP), impaired fast-
ing glucose, and abnormal lipid levels. Although abdominal
obesity is the key feature of MetS, the pathogenesis of this
complex condition has not been fully understood in terms of
the association among various factors or interaction among
metabolic disorders [7-9]. Epidemiological and experimental
studies have suggested that hyperuricemia may be closely re-
lated to the development and pathogenesis of MetS [10,11].
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Synergy of hyperuricemia and abdominal obesity

Recently, serum uric acid has been demonstrated to be
strongly associated with visceral adiposity, the major cause of
insulin resistance and MetS [12,13]. Higher amounts of both
visceral and liver fat were associated with hyperuricemia, inde-
pendent of other adipose depots [14]. A Japanese cross-sec-
tional study confirmed the relationship between hyperurice-
mia and normal-weight central obesity among middle-aged
adults [15]. Abdominal obesity was a major factor associated
with the increased prevalence of MetS, and half of the individ-
uals with hyperuricemia had abdominal obesity in Korean
population studies [16,17]. However, few studies have investi-
gated the synergistic interaction between hyperuricemia and
abdominal obesity as a risk factor for MetS components.
Therefore, we speculated that a synergistic interaction between
hyperuricemia and abdominal obesity increased the risk of
MetS components. In the present study, we investigated
whether the combined effect of hyperuricemia and abdominal
obesity on MetS components exceeded the sum of their indi-
vidual effects using the seventh Korea National Health and
Nutrition Examination Survey (KNHANES) data.

METHODS

Study population
The KNHANES, a large-scale cross-sectional survey per-
formed using a stratified, multi-stage probability sampling

‘ 24,269 Participants in KNHANES 2016-2018
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method, is the representative database of the Korean popula-
tion. We used data from the seventh KNHANES, which was
conducted from 2016 to 2018 [18]. Of the 24,269 participants,
19,197 aged >19 years were examined. Exclusion criteria were
as follows: (1) missing data on uric acid, waist circumference
(WCQC), and other variables; (2) pregnant or breast-feeding
women; (3) a previous diagnosis of chronic renal disease by a
physician or an estimated glomerular filtration rate (eGFR) of
<60 mL/min/1.73 m* (4) a previous diagnosis of chronic liver
disease by a physician or increased serum liver enzyme activi-
ties (e.g., aspartate aminotransferase or alanine aminotransfer-
ase >100 IU/L); (5) premature ovarian failure, surgical meno-
pause, and administration of oral contraceptives; and (6) ongo-
ing cancer treatment. Finally, 16,094 individuals were enrolled
in the study (Fig. 1).

All participants provided written informed consent. The
KNHANES was approved by the Institutional Review Board of
the Korea Centers for Disease Control and Prevention. The
study protocol was approved by the Institutional Review Board
of Pusan National University (IRB no. 05-2020-208).

Data collection and measurement

The KNHANES data included health interviews, health exami-
nations, and nutritional surveys. Sociodemographic factors
and medical history were assessed using data from self-report-
ed questionnaires and personal interviews with trained staff,
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5,072 Participants were excluded under 19 years

‘ 19,197 Participants remained
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Exclusion criteria

(1) Missing values in uric acid, waist circumference and other
variables; 1,567 participants

(2) Pregnant or breast-feeding women; 135 participants

(3) Chronic renal disease or eGFR <60 mL/min/1.73 m?
577 participants

(4) Chronic liver disease or increased liver enzyme activities;
191 participants

(5) Experienced premature ovarian failure, surgical menopause
and administration of oral contraceptives; 450 participants

(6) Cancer currently being treated; 183 participants

16,094 Participants eligible for inclusion

Fig. 1. Flow diagram of the present study. KNHANES, Korea National Health and Nutrition Examination Survey; eGFR, estimat-

ed glomerular filtration rate.
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including smoking status, amount of alcohol intake, physical
activity, past medical history, household income level, educa-
tion level, and menopausal status.

Anthropometric measurements were obtained by trained
nurses. WC was measured at the midpoint between the lower
rib margin and the iliac crest during exhalation. Body mass in-
dex (BMI) was calculated as weight (kg) divided by the square
of height (m?). After resting for 5 minutes in the sitting posi-
tion, BP was measured using a mercury sphygmomanometer.

Blood samples of all participants were obtained after an
8-hour fasting and laboratory tests were conducted at a central
laboratory. Low-density lipoprotein cholesterol (LDL-C) levels
were calculated using the Friedewald formula [19]. If the tri-
glyceride (TG) level was >200 mg/dL, LDL-C levels were mea-
sured directly. The eGFR was calculated using the Modifica-
tion of Diet in Renal Disease equation [20].

Participants were categorized into three groups as never
smokers, ex-smokers, or current smokers based on the smok-
ing history and as nondrinkers, light drinkers (<30 g/day), and
moderate-to-heavy drinkers (=30 g/day) based on the amount
of alcohol consumption per day. Subjects who performed >150
minutes of moderate-intensity activity or =75 minutes of vig-
orous intensity activity per week were considered as physically
active. Diabetes was defined as a fasting plasma glucose (FPG)
level of >126 mg/dL or use of antidiabetic medication due to a
previous diagnosis of diabetes. Hypertension was defined as a
systolic BP of =140 mm Hg, diastolic BP of 290 mm Hg, or
use of antihypertensive medication.

Definitions

Hyperuricemia was defined as a serum uric acid level of >7.0
mg/dL in men and >6.0 mg/dL in women [4]. MetS was de-
fined according to the revised National Cholesterol Education
Program and Adult Treatment Panel III criteria [21]. It was di-
agnosed when an individual had three or more of the following
components: (1) abdominal obesity: WC >90 cm in men or
>85 cm in women, according to the Korean Society of Obesity
[22]; (2) high BP: systolic BP =130 mm Hg and/or diastolic BP
>85 mm Hg or use of antihypertensive medications; (3) hy-
perglycemia: FPG >100 mg/dL or use of antidiabetic medica-
tions; (4) hypertriglyceridemia: TG >150 mg/dL or medica-
tion use; (5) low high-density lipoprotein cholesterol (HDL-
C): HDL-C <40 mg/dL in men and <50 mg/dL in women or
medication use. As individuals with a previous physician diag-
nosis of hypertension or type 2 diabetes mellitus who did not
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report medication use might be in remission from these condi-
tions or might have recall bias (since it is self-reported data),
they were not allocated to the high BP or hyperglycemia group,
respectively.

Statistical analysis

Statistical analyses were performed considering the stratified
multi-stage probability sampling design of the seventh
KNHANES to represent the general population of Korea. We
used the integrated weights from 2016 to 2018 for the analysis.
Participant characteristics were compared using the complex
sample generalized linear model for continuous variables and
complex sample crosstabs analysis for categorical variables.
Continuous variables are presented as weighted mean+stan-
dard error, and categorical variables are presented as the num-
ber of cases with a weighted percentage. The odds ratios (ORs)
of MetS and its components were calculated using the weighted
logistic regression analysis. We assessed the synergistic interac-
tion using three additive scales: the relative excess risk due to
interaction (RERI), attributable proportion due to interaction
(AP), and synergy index (SI) [23]. The additive scales may bet-
ter reflect biological interactions than the multiplicative scale
[24]. Therefore, we calculated three indices of additive scales.
The RERI can be interpreted as the additional risk due to inter-
action and is calculated as the difference between the expected
and observed risks: RERI=OR11—ORio-ORoi+1, where ORn
refers to the OR of MetS component for the exposure of two
factors, hyperuricemia and abdominal obesity; ORyo is the OR
of MetS component for hyperuricemia without abdominal
obesity; ORo: is the OR of MetS component for abdominal obe-
sity without hyperuricemia. The AP is the proportion of dis-
ease that is due to the interaction among individuals with both
exposures: AP=RERI/OR.. The SI can be interpreted as excess
risk from exposure to both factors when there is interaction
relative to the risk from exposure without interaction: SI=
(OR11-1)/[(OR1—1)+(ORgi-1)]. A confidence interval (CI) of
>0 for RERI, >0 for AP, and >1 for SI indicates a statistically
significant synergistic interaction between the two factors. SI
dose not vary across strata, which suggests that it is the mea-
sure of choice in multivariate models [25]. A two-tailed P value
of <0.05 was considered statistically significant. Statistical
Analysis Software version 9.4 (SAS Institute, Cary, NC, USA)
was used for all calculations and analyses.
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RESULTS

Baseline characteristics

A total of 16,094 individuals were enrolled in the study. The
baseline characteristics of the study population stratified by sex
and uric acid levels are presented in Table 1. Men in the hyper-
uricemia group were younger than those in the normourice-
mia group, whereas women in the hyperuricemia group were
older than those in the normouricemia group. The hyperurice-
mia group was more likely to have unfavorable metabolic risk
factors such as high BMI, WG, systolic/diastolic BP, TG, LDL-
C, and lower HDL-C levels than the normouricemia group. In
the hyperuricemia group, women had high FPG and glycosyl-
ated hemoglobin (HbA1c) levels and men had low FPG and
HbA1lc levels. A total of 44.4% of men and 53% of women in
the hyperuricemia group had MetS. Almost half of the hyper-
uricemia group had abdominal obesity (men 43.3%; women
50%). The prevalence of all components of MetS was higher
among the women of the hyperuricemia group than among
those of the normouricemia group. The prevalence of hyper-
glycemia was not significantly different between men of the
two groups. Baseline characteristics of the study population
stratified by sex, the uric acid level, and WC are presented in
Supplementary Tables 1 and 2.

Association between hyperuricemia and the MetS
components according to abdominal obesity

The comparison of adjusted ORs for MetS components be-
tween the hyperuricemia and normouricemia groups is pre-
sented in Table 2. The prevalence of MetS (OR, 1.88; 95% CI,
1.55 to 2.29 in men; and OR, 2.31; 95% CI, 1.63 to 3.25 in
women) and its components, except hyperglycemia in men
(OR, 1.17; 95% CI, 0.96 to 1.42) and abdominal obesity in
women (OR, 1.34; 95% CI, 0.92 to 1.95), was significantly
higher in the hyperuricemia group than in the normouricemia
group. Furthermore, we investigated the associations between
hyperuricemia and MetS components according to abdominal
obesity. Among men without abdominal obesity, those with
hyperuricemia had significantly higher odds for high BP (OR,
1.63; 95% CI, 1.31 to 2.03) and hyperglycemia (OR, 1.25; 95%
CI, 1.03 to 1.59), whereas among men with abdominal obesity,
those with hyperuricemia had lower and statistically non-sig-
nificant odds for high BP (OR, 1.24; 95% CI, 0.95 to 1.61) and
hyperglycemia (OR, 1.09; 95% CI, 0.81 to 1.46). Among wom-
en with abdominal obesity, those with hyperuricemia did not
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have statistically significant odds for hyperglycemia (OR, 1.44;
95% CI, 0.94 to 2.18).

Synergistic interaction effect between hyperuricemia and
abdominal obesity on the MetS components
Individuals were categorized into four groups based on the se-
rum uric acid level and WC: Group A (control group; normou-
ricemia without abdominal obesity), Group B (hyperuricemia
without abdominal obesity), Group C (normouricemia with
abdominal obesity), and Group D (hyperuricemia with ab-
dominal obesity). The comparison of baseline characteristics
between these four groups are presented in Supplementary Ta-
bles 1 and 2. The adjusted ORs for MetS components are pre-
sented in Table 3. Compared with Group A, Group D had a
significantly increased risk of MetS components in both men
and women. The risk of high BP, hypertriglyceridemia, and low
HDL-C components was approximately four times and the risk
of hyperglycemia was approximately three times among men
of Group D than Group A. Compared with women of Group
A, women of Group D had approximately six times the risk of
hyperglycemia and hypertriglyceridemia, five times the risk of
high BP, and four times the risk of low HDL-C. The results of
the post hoc analysis for the risk of metabolic components be-
tween the four groups are presented in Supplementary Table 3.
We further analyzed the additive scales to investigate wheth-
er the combined effect of hyperuricemia and abdominal obesi-
ty on the risk of MetS components exceeded the sum of their
individual effects. The results are presented in Table 4 and Fig.
2. In both sexes, synergistic interaction was statistically signifi-
cant between hyperuricemia and abdominal obesity for the
risk of hypertriglyceridemia (men [SI, 1.39; 95% CI, 1.01 to
1.98], women [SI, 1.61; 95% CI, 1.02 to 2.69]), and low HDL-C
(men [SI, 2.03; 95% CI, 1.41 to 2.91], women [SI, 1.70; 95% CI,
1.05 to 2.95]) although RERI values for these components were
not significant. In other words, among men, the risk of hyper-
triglyceridemia from exposure to both hyperuricemia and ab-
dominal obesity when there was interaction was 1.39 times
higher than the sum of their individual risk from exposure
without interaction. There was no significant synergistic inter-
action between hyperuricemia and abdominal obesity for the
risk of high BP and hyperglycemia in either sex.

DISCUSSION

In this population-based cross-sectional study using data from
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Table 1. Baseline characteristics of study population

Men (n=7,256) ‘Women (n=8,838)
Characteristic Normouricemia Hyperuricemia® Normouricemia Hyperuricemia
(n=5920) (n=1,336) Pralue (n=8,332) (n=506) Pralue

Age, yr 46.91£0.27 41.45+£0.42 <0.001 47.75£0.29 50.17+0.96 0.012
BMI, kg/m* 24.22+0.05 25.77+0.11 <0.001 23.12+0.05 26.07+0.23 <0.001
WC, cm 85.33+0.14 88.72+0.3 <0.001 77.63%£0.16 85.12+0.58 <0.001
SBP, mm Hg 119.38+0.25 121.18+£0.42 <0.001 114.87£0.26 120.88+£1.08 <0.001
DBP, mm Hg 77.99+0.17 80.8+0.34 <0.001 73.36+0.14 76.69+0.57 <0.001
FPG, mg/dL 102.95+£0.43 99.67+0.51 <0.001 97.01£0.26 101.59+£1.12 <0.001
HbAlc, % 5.69£0.01 5.54+0.02 <0.001 5.58+0.01 5.77+0.05 <0.001
TG, mg/dL 153.03£2.09 207.04£6.98 <0.001 108.45+1.01 155.13+£5.69 <0.001
HDL-C, mg/dL 48.09+0.18 44.97+0.33 <0.001 55.26+0.19 50.71+0.68 <0.001
LDL-C, mg/dL 114.97+0.5 119.8+£0.99 <0.001 116.51+0.43 125.26+£1.85 <0.001
TC, mg/dL 190.56£0.58 199.67+£1.25 <0.001 192.84+0.48 204.87+£1.93 <0.001
Uric acid, mg/dL 5.44+0.02 7.79+0.02 <0.001 4.25+0.01 6.55+0.03 <0.001
eGFR, mL/min/1.73 m’ 96.54£0.35 92.17+0.51 <0.001 101.48+0.32 92.2+1.04 <0.001
Smoking 0.134 0.004

Never smoker 1,427 (25.5) 318 (27.1) 7,408 (87.7) 433(85.2)

Ex-smoker 2,431 (37.1) 501 (33.6) 494 (6.3) 24 (4.8)

Current smoker 2,061 (37.4) 517 (39.3) 429 (6.0) 49 (10.0)
Alcohol intake <0.001 0.006

Nondrinker 1,043 (15.1) 155 (10.8) 2,842 (30.5) 172 (29.4)

Light drinker 4,006 (69.6) 896 (69.3) 5,303 (66.8) 310 (65.0)

Moderate-to-heavy drinker 870 (15.3) 285(19.9) 186 (2.7) 24 (5.6)
Physically active 1,296 (24.2) 348 (29.0) 0.005 1,139 (14.8) 76 (17.7) 0.156
Household income 0.045 0.178

Low 671 (16.3) 205 (19.9) 992 (16.7) 60 (15.4)

Middle 2,985 (56.4) 669 (53.5) 4,153 (55.6) 271 (60.8)

High 1,498 (27.3) 335(26.6) 2,116 (27.8) 104 (23.8)
Education level <0.001 0.002

Elementary school or less 809 (9.5) 105 (4.8) 1,962 (42.7) 146 (24.0)

Middle school 579 (8.6) 104 (6.7) 789 (8.9) 67 (12.5)

High school 1,883 (36.1) 432 (37.4) 2,347 (32.2) 148 (32.0)

College or more 2,337 (45.9) 617 (51.2) 2,863 (39.6) 127 (31.5)
Postmenopause - - - 4,201 (42.7) 308 (52.7) <0.001
Diabetes 960 (13.4) 124 (7.3) <0.001 909 (9.2) 89 (15.1) <0.001
Hypertension 2,003 (29.0) 496 (33.1) 0.010 2,278 (22.5) 244 (40.7) <0.001
Abdominal obesityb 1,751 (28.4) 601 (43.3) <0.001 2,051 (21.7) 268 (50.0) <0.001
High BP* 2,753 (41.9) 701 (49.8) <0.001 2,903 (29.6) 284 (48.8) <0.001
Hyperglycemia® 2,973 (43.9) 661 (43.7) 0.883 3,098 (32.1) 307 (53.7) <0.001
Hypertriglyceridemia® 2,539 (41.8) 761 (56.2) <0.001 2,450 (26.0) 259 (47.9) <0.001
Low HDL-Cf 1,452 (22.9) 445 (32.8) <0.001 3,101 (34.9) 277 (52.4) <0.001
MetS# 2,093 (31.6) 639 (44.4) <0.001 2,436 (24.6) 299 (53.0) <0.001

Values are presented as mean + standard error or number (%).

BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbAlc, glycosylated
hemoglobin; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; eGFR, estimated
glomerular filtration rate; BP, blood pressure; MetS, metabolic syndrome.

*Serum uric acid level of >7.0 mg/dL in men and >6.0 mg/dL in women, "WC >90 cm in men or >85 cm in women, “Systolic BP >130 mm Hg and/or diastolic
BP >85 mm Hg or use of antihypertensive medications, ‘FPG >100 mg/dL or use of antidiabetic medications, °TG >150 mg/dL or medication use, 'HDL-C <40
mg/dL in men and <50 mg/dL in women or medication use, *Having three or more of the aforementioned components.
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Table 2. Adjusted OR (95% CI) for the association between hyperuricemia and metabolic syndrome components stratified by ab-
dominal obesity

All Without abdominal obesity With abdominal obesity
Normouricemia Hyperuricemia®  Normouricemia Hyperuricemia ~ Normouricemia Hyperuricemia

Men

Abdominal obesity” 1 1.31 (1.02-1.69) - - - -

High BP* 1 1.46 (1.24-1.73) 1 1.63 (1.31-2.03) 1 1.24(0.95-1.61)

Hyperglycemia* 1 1.17 (0.96-1.42) 1 1.25(1.03-1.59) 1 1.09 (0.81-1.46)

Hypertriglyceridemia® 1 1.69 (1.44-1.99) 1 1.73 (1.40-2.14) 1 1.68 (1.29-2.18)

Low HDL-C' 1 1.72 (1.45-2.03) 1 1.53(1.21-1.93) 1 1.95 (1.51-2.51)

MetS# 1 1.88 (1.55-2.29) 1 2.13(1.65-2.76) 1 1.69 (1.27-2.25)
Women

Abdominal obesity 1 1.34 (0.92-1.95) - - - -

High BP 1 1.82 (1.32-2.50) 1 1.97 (1.24-3.12) 1 1.58 (1.02-2.44)

Hyperglycemia 1 1.60 (1.23-2.09) 1 1.74 (1.20-2.51) 1 1.44 (0.94-2.18)

Hypertriglyceridemia 1 1.85 (1.38-2.49) 1 1.81 (1.19-2.76) 1 1.79 (1.24-2.58)

Low HDL-C 1 1.59 (1.23-2.06) 1 1.41 (1.01-2.03) 1 1.77 (1.25-2.52)

MetS 1 2.31(1.63-3.25) 1 2.32(1.46-3.68) 1 2.11(1.31-3.39)

Adjusted for age, body mass index, estimated glomerular filtration rate, low-density lipoprotein cholesterol, alcohol intake, smoking status,
physically active, household income, education levels, menopausal status.

OR, odds ratio; CI, confidence interval; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; MetS, metabolic syndrome.

*Serum uric acid level of >7.0 mg/dL in men and >6.0 mg/dL in women, "Waist circumference =90 cm in men or =85 cm in women, “Systolic
BP =130 mm Hg and/or diastolic BP >85 mm Hg or use of antihypertensive medications, ‘Fasting plasma glucose >100 mg/dL or use of anti-
diabetic medications, “Triglyceride >150 mg/dL or medication use, HDL-C <40 mg/dL in men and <50 mg/dL in women or medication use,
#Having three or more of the aforementioned components.

Table 3. Individual and combined association of hyperuricemia and abdominal obesity with metabolic syndrome components

High BP* Hyperglycemia® Hypertriglyceridemia“ Low HDL-C*

Men

Group A 1 1 1 1

Group B 1.72 (1.39-2.11) 1.40 (1.11-1.77) 1.89 (1.54-2.32) 1.67 (1.33-2.10)

Group C 2.70 (2.29-3.18) 2,67 (2.26-3.16) 237 (2.05-2.74) 2.06 (1.74-2.43)

Group D 3.97 (3.08-5.11) 3.12 (2.42-4.03) 415 (3.28-5.23) 443 (3.54-5.55)
Women

Group A 1 1 1 1

Group B 224 (1.46-3.42) 2,12 (1.50-3.01) 2.24 (1.52-3.28) 1.76 (1.26-2.48)

Group C 2.47 (2.08-2.93) 3.46 (2.92-4.09) 2.90 (2.48-3.38) 1.99 (1.72-2.30)

Group D 5.15(3.25-8.16) 5.97 (3.93-9.07) 6.05 (4.06-9.02) 3.98 (2.78-5.71)

Values are presented as odds ratio (95% confidence interval). Adjusted for age, estimated glomerular filtration rate, low-density lipoprotein cho-
lesterol, alcohol intake, smoking status, physically active, household income, education levels, menopausal status. Group A: hyperuricemia (-)
and abdominal obesity (-). Group B: hyperuricemia (+) and abdominal obesity (-). Group C: hyperuricemia (-) and abdominal obesity (+).
Group D: hyperuricemia (+) and abdominal obesity (+).

HDL-C, high-density lipoprotein cholesterol; BP, blood pressure.

“Systolic BP >130 mm Hg and/or diastolic BP >85 mm Hg or use of antihypertensive medications, "Fasting plasma glucose >100 mg/dL or use of
antidiabetic medications, “Triglyceride >150 mg/dL or medication use, “‘HDL-C <40 mg/dL in men and <50 mg/dL in women or medication use.
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Table 4. Synergistic interaction effect between hyperuricemia and abdominal obesity on the metabolic components
RERI (95% CI) AP (95% CI) SI (95% CI)
Men
High BP* 0.55 (-0.47 to 1.58) 0.14 (<0.09 to 0.37) 1.22 (0.85 to 1.77)
Hyperglycemia® 0.05 (-0.81 t0 0.92) 0.02 (-0.26 t0 0.29) 1.03 (0.72 to 1.47)
Hypertriglyceridemia® 0.88 (-0.14 to 1.90) 0.21 (0.02 to 0.42)¢ 1.39 (1.01 to 1.98)¢
Low HDL-C¢ 1.70 (0.75 t0 2.66)° 0.39 (0.23 t0 0.55)° 2.03(1.41to02.91)°
Women
High BP 1.45 (~1.07 to 3.96) 0.28 (=0.09 to 0.66) 1.53 (0.79 t0 2.97)
Hyperglycemia 1.39 (-1.35t0 4.12) 0.23 (-0.14 to 0.60) 1.39 (0.75 to 2.57)
Hypertriglyceridemia 1.92 (-0.52 to 4.36) 0.32 (0.05t0 0.61)¢ 1.61 (1.02 to 2.69)¢
Low HDL-C 1.23 (<024 to 2.71) 0.31 (0.07 to 0.59)¢ 1.70 (1.05 to 2.95)°

Adjusted for age, estimated glomerular filtration rate, low-density lipoprotein cholesterol, alcohol intake, smoking status, physically active,
household income, education levels, menopausal status.

RER], relative excess risk due to interaction; CI, confidence interval; AP, attributable proportion due to interaction; SI, synergy index; BP, blood
pressure; HDL-C, high-density lipoprotein cholesterol.

“Systolic BP >130 mm Hg and/or diastolic BP >85 mm Hg or use of antihypertensive medications, *Fasting plasma glucose =100 mg/dL or use
of antidiabetic medications, “Triglyceride >150 mg/dL or medication use, ‘HDL-C <40 mg/dL in men and <50 mg/dL in women or medication

use; °P<0.05 and indicated a synergistic interaction.
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Fig. 2. Synergistic interaction effect beween hyperuricemia and abodminal obesity on the metabolic syndrome components in
men (A) and in women (B). BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; AO, abdominal obesity; HU, hyper-
uricemia. *P<0.05 and indicated a synergistic interaction by synergy index.

the seventh KNHANES, we found that individuals with hyper-
uricemia had significantly higher odds for MetS and its com-
ponents, except hyperglycemia in men and abdominal obesity
in women. These trends were almost preserved even after di-
viding individuals based on abdominal obesity. Furthermore,
we observed a significant synergistic effect of hyperuricemia
and abdominal obesity on the odds for MetS components,
such as hypertriglyceridemia and low HDL-C, in both sexes.
Studies have proposed several experimental mechanisms of
hyperuricemia that contribute to MetS. The main mechanism
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was the deleterious effect of uric acid on endothelial cells
through overproduction of reactive oxygen species caused by
the enzymatic effect of xanthine oxidase [26,27]. The relation-
ship between MetS and hyperuricemia may be linked to insu-
lin resistance. Hyperuricemia-induced oxidative stress in adi-
pose tissue can induce adipose tissue inflammation and is con-
sidered a cause of insulin resistance [28]. In addition, uric acid
might have a detrimental effect on pancreatic islet cells and he-
patocytes because of direct oxidative stress [29]. Thus, based
on these mechanisms, previous epidemiological studies have
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demonstrated that hyperuricemia is associated with MetS
[30,31]. In this study, we investigated the effect of hyperurice-
mia on the risk of MetS and its components and reported the
ORs for MetS in the hyperuricemia group (OR, 1.88 for men
and 2.31 for women).

Hyperuricemia and abdominal obesity had a synergistic ef-
fect on the risk of hypertriglyceridemia and low HDL-C. This
result might be attributed to almost the same or slightly in-
creased ORs for hypertriglyceridemia and low HDL-C in indi-
viduals with abdominal obesity compared to those without
(Table 2). These findings are supported by a prospective study
that suggested that abnormal TG and HDL-C had a greater in-
fluence on serum uric acid than the other components [32].
Zhang et al. [33] investigated the combined effect of obesity
and elevated uric acid level on nonalcoholic fatty liver disease
(NAFLD) and MetS components using the additive scales and
reported that obesity and elevated uric acid level synergistically
interacted to increase the risk of NAFLD and hypertriglyceri-
demia in both sexes. Zhang et al. [33] and our findings suggest
that a strong and more stable synergistic interaction exists be-
tween hyperuricemia and obesity for hypertriglyceridemia
than other MetS components. The different synergistic effects
of these two factors on other MetS components in Zhang et al.
[33] and our studies might be because of differences in the
study populations, definition of obesity, adjusted variables, and
additive scales. Few studies have been conducted to draw a
consistent synergistic interaction between these two factors on
MetS components.

In our study, synergistic interaction was not significant be-
tween hyperuricemia and abdominal obesity in hyperglyce-
mia. This result might be attributed to lower and statistically
non-significant odds for hyperglycemia in individuals with ab-
dominal obesity compared to those without (Table 2). Although
hyperuricemia contributes to insulin resistance through vari-
ous mechanisms, there is a conflicting evidence on the associa-
tion between the serum uric acid level and hyperglycemia or
diabetes. Choi and Ford [34] showed that the fasting glucose
level has a bell-shaped relationship with the serum uric acid
level. They suggested that individuals with diabetes or highly
elevated HbA Ic levels were at a lower risk for hyperuricemia.
Similarly, a study involving the Korean population reported
that hyperuricemia was associated with a decreased prevalence
of diabetes mellitus in men [35]. In insulin resistance or hyper-
insulinemia, insulin might increase sodium and uric acid reab-
sorption, resulting in increased serum uric acid levels [36].
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However, in individuals with diabetes or high glucose levels,
glucose competitively inhibits uric acid reabsorption in the
proximal renal tubule, resulting in decreased serum uric acid
levels [37]. These results can be explained by the uricosuric ef-
fect of glycosuria that occurs when the blood glucose level is
>180 mg/dL (10 mmol/L) [38]. In the current study, individu-
als with abdominal obesity had higher FPG and HbAIc levels
and diabetes percentage compared to individuals without ab-
dominal obesity (Supplementary Tables 1 and 2). Therefore,
individuals with abdominal obesity might have a greater urico-
suric effect of glycosuria due to elevated glucose levels com-
pared to individuals without abdominal obesity. These as-
sumptions could explain the lack of a significant synergistic in-
teraction between hyperuricemia and abdominal obesity in
hyperglycemia in our study.

We also demonstrated that there was no significant synergis-
tic interaction between hyperuricemia and abdominal obesity
for the risk of high BP. This result might be attributed to the
lower and statistically non-significant odds for high BP in men
with abdominal obesity compared to those in men without ab-
dominal obesity (Table 2). In addition, this result might be at-
tributed to the lower and narrowly significant OR (1.58; 95%
CI, 1.02 to 2.44; P=0.041) for high BP in women with abdomi-
nal obesity compared to the OR (1.97; 95% CI, 1.24 to 3.12;
P=0.004) for high BP in women without abdominal obesity.
Palmer et al. [39] demonstrated no evidence of causal effects of
hyperuricemia on the risk of ischemia heart disease or raised
BP by Mendelian randomization results. They suggested that
BMI was an important confounding factor for observational as-
sociation analyses of uric acid. Lee et al. [40] showed that there
was an age-differential association between serum uric acid and
incident hypertension among Koreans. They suggested that
there was a significant linear association between serum uric
acid and incident hypertension in younger people, but no sig-
nificant association in older people. In the current study, indi-
viduals with abdominal obesity were older than those without
abdominal obesity (men [47.37+0.39 and 45.12+0.28, respec-
tively; P<0.001], women [56.44+0.46 and 45.3£0.29, respec-
tively; P<0.001]). This result might attenuate the association
between hyperuricemia and high BP in individuals with ab-
dominal obesity. Further studies are needed to clarify the con-
founding role of abdominal obesity on the effect of hyperurice-
mia on BP.

Serum uric acid levels can be elevated by enhanced purine
catabolism in adipose tissues and by underexcretion of serum
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uric acid through the kidney in individuals with obesity and
hyperinsulinemia [41,42]. Inversely, hyperuricemia-induced
oxidative stress in adipose tissues can aggravate the inflamma-
tion of adipocytes and deteriorate insulin resistance [26]. These
bidirectional causal effects suggest the presence of a synergistic
interaction between hyperuricemia and abdominal obesity, re-
flecting insulin resistance. Based on these proposals, we as-
sumed the presence of an additive or synergistic effect of hy-
peruricemia and abdominal obesity that is directly related to
insulin resistance, on MetS components. We demonstrated
that the synergistic interaction between hyperuricemia and
abdominal obesity increased the risk of hypertriglyceridemia
and low HDL-C by calculating the additive scales. Few epide-
miological and experimental studies have investigated the in-
teraction between these two factors. Hyperuricemia is com-
monly accompanied by abdominal obesity, and therefore, fur-
ther studies are required to identify the interaction between
these two factors.

This study has several limitations. This study was based on a
cross-sectional survey and therefore, could not clarify the
causal relationship. As the sociodemographic factors and med-
ical history were assessed by self-reported questionnaires and
personal interviews, recall bias might have existed even if these
interviews were conducted by trained staff. We defined ab-
dominal obesity by WC, as a surrogate marker of abdominal
fat mass. Although WC reflects both visceral fat and subcuta-
neous abdominal fat, it is a better predictor of visceral fat than
BMI [43]. Recent studies suggested an important role for mus-
cle mass and strength in the development of insulin resistance,
independently of abdominal fat [44,45]. Unfortunately the
seventh KNHANES did not investigate muscle mass and fat
mass status. The data on the history of gout and the use of
urate-lowering agents and other medications that could affect
serum uric acid levels were lacking. In addition, we did not
consider the details of dietary intake, such as purine sources,
and used dichotomized serum uric acid levels. Therefore, we
could not determine the metabolic effects of continuous serum
uric acid levels. We revealed a synergistic interaction using SI
values, although we calculated all additive scales. This is rea-
sonable because the SI dose not vary across strata and is the
measure of choice in multivariate models [25]. We could not
include MetS as a dependent variable in Table 3 because ab-
dominal obesity was an independent variable and a compo-
nent of MetS, simultaneously. Similarly, the synergistic interac-
tion between hyperuricemia and abdominal obesity for MetS
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could not be investigated in Table 4 because additive scales
were calculated by the ORs of groups B, C, and D for MetS.
Despite these limitations, the strength of this study is that this
is the first large-scale study to show the effects of hyperurice-
mia on the risk of MetS and its components and the synergistic
effect of hyperuricemia and abdominal obesity on the risk of
MetS components. In addition, we systematically analyzed
these effects based on sex and adjusted for several relevant
variables. This study used a nationally representative sample
and showed the clinical significance of the coexistence of hy-
peruricemia and abdominal obesity in the Korean population.

In conclusion, hyperuricemia and abdominal obesity syner-
gistically increased the risk of metabolic components, such as
hypertriglyceridemia and low HDL-C, in both sexes. In other
words, abdominal obesity worsened the association of hyper-
uricemia with hypertriglyceridemia and low HDL-C. Since
hyperuricemia is commonly accompanied by abdominal obe-
sity, aggressive diagnosis and treatment of dyslipidemia and
strict weight control in individuals with both hyperuricemia
and abdominal obesity are required.
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