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Abstract

Weaimed to investigate the associationbetween serumuric acid (SUA) level anddevel-

opment of hypertension as well as the interaction effect of chronic kidney disease

(CKD) on this relationship in the general Japanese population. We included 7895 par-

ticipants aged ≥30 years from the ISSA-CKD study, a population-based retrospec-

tive cohort study that used annual health check-up data of residents from Iki Island,

Japan. After the exclusion of 1881with l<1-year follow-up, 2812with hypertension at

baseline, and 165 with missing information on SUA, a total of 3037 participants were

enrolled in this analysis. Participants were divided into four groups according to the

quartiles of SUA level at baseline, and multivariable-adjusted hazard ratios for new-

onset hypertension were calculated. Stratified analyses were performed for each sub-

group (defined by sex, age, alcohol intake, and CKD) to assess the interaction effects.

During amean follow-up period of 4.4 years, 943 participants developed hypertension.
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The first quartile groupwas set as the reference group, and themultivariable-adjusted

hazard ratios (95% confidence interval) for new-onset hypertension were 1.11 (0.90–

1.36) in the second quartile, 1.25 (1.02–1.54) in the third quartile, and 1.35 (1.07–

1.70) in the fourth quartile compared with those in the reference group (p = .007 for

trend). The stratified analyses showed that the association between SUA and hyper-

tensionwas significantly stronger in participants with CKD than in those without CKD

(p= .035 for interaction). SUA level is an independent risk factor for new-onset hyper-

tension. This tendency was significantly stronger in participants with CKD.
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1 INTRODUCTION

Cardiovascular disease (CVD) is one of the leading causes of death

in high-income countries, including Japan, and low- to middle-income

countries.1 Hypertension is a major independent risk factor for CVD2;

therefore, the prevention of hypertension is imperative in the field of

public health to reduce the burden of CVD.

Uric acid is an end-product of purine metabolism in humans.3 A

number of observational studies have reported that hyperuricemia is

an independent risk factor for hypertension; however, other observa-

tional studies and Mendelian randomization studies have reported no

clear associations.45 Previous studies have explored the association

between serumuric acid (SUA) levels and the incidenceof hypertension

in subgroups defined by the presence of chronic kidney disease (CKD),

which is highly correlated with SUA levels6–8 and is therefore a strong

predictor of hypertension.9

In the present study,we aimed to determinewhether hyperuricemia

is an independent risk factor for the future development of hyper-

tension in the general Japanese population. We also investigated the

effects of hyperuricemia on hypertension stratified by the presence of

CKD.

2 METHODS

2.1 Study design and participants

This study was a population-based retrospective cohort study of the

residents of Iki City, Nagasaki Prefecture, Japan, and used data from

the Iki Epidemiological Study of Atherosclerosis and Chronic Kid-

ney Disease (ISSA-CKD) study, which has been described in detail

previously.10–15 Iki City is located in the north of Nagasaki Prefecture

and has a population of approximately 27 000. We enrolled 7895 par-

ticipants aged≥30 yearswho underwent annual health check-ups con-

ducted by the local government of Iki City between 2008 and 2017.

After the exclusionof 1881participantswith less than1-year follow-up

periods, 2812 participants who had been diagnosedwith hypertension

and/or were on blood pressure (BP)-lowering medication at baseline,

including 641 participants who fulfilled both exclusion criteria and 165

participants withmissing information regarding SUA levels at baseline,

were excluded. A total of 3037 participants were finally enrolled in

this study. The study protocol was approved by the FukuokaUniversity

Clinical Research and Ethics Centre (No. 2017M010).

2.2 Data collection

The annual health check-ups included medical history, physical exami-

nations, blood tests, and dipstick urine test. SUA level was determined

using the enzymatic method, and hyperuricemia was defined as SUA ≥

7.0mg/dL (416 µmol/L).16

We performed two sets of analyses. In the first set, we catego-

rized the participants into four groups according to the quartile of

SUA level as follows: group 1, < 4.00 mg/dL (238 µmol/L); group 2,

4.00–4.70 mg/dL (238–279 µmol/L); group 3, 4.71–5.70 mg/dL (280–

339 µmol/L); and group 4,≥5.71mg/dL (340 µmol/L). In the second set,

we categorized the participants into two groups according to the pres-

ence of hyperuricemia (SUA < 7.0 mg/dL or ≥7.0 mg/dL [< 416 µmol/L

or≥416 µmol/L]).

We also acquired clinical information of the participants, including

medical history and habitual information on current smoking, daily

exercise, and alcohol intake, using a standard questionnaire. Current

smoking was defined as smoking ≥100 cigarettes or regular smoking

habits for more than 6 months. Daily exercise was defined as exercise

for more than 30 minutes per day, two times or more per week.

Daily alcohol intake was defined as regular alcohol consumption.

Height and weight were measured with the participant wearing

light clothes and no shoes, and body mass index (BMI, kg/m2) was

calculated. Obesity was defined as BMI ≥25 kg/m2.17 The serum

creatinine level was measured enzymatically, and the estimated

glomerular filtration rate (eGFR) was calculated using the Japanese

GFR equation: eGFR (mL/min/1.73 m2)= 194 × serum creatinine level

(mg/dL) −1.094 × age−0.287 (× 0.739 for women).18 CKD was defined

as eGFR < 60 mL/min/1.73 m2 or urine protein ≥1. Plasma glucose
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TABLE 1 Baseline characteristics according to the quartiles of serum uric acid level

Serum uric acid, mg/dL [µmol/L]

<4.00 [< 238]

4.00 to 4.70 [238 to

279]

4.71 to 5.70 [280 to

339] >5.71 [≥340] p for trend

No. 738 734 804 781

Male, % 84 (11.4) 167 (22.8) 416 (51.7) 641 (84.2) <.001

Age, y 56.3± 11.9 57.9± 11.4 58.2± 11.3 56.2± 11.6 <.001

Bodymass index, kg/m2 21.8± 3.0 22.6± 3.2 23.3± 3.2 24.0± 3.1 <.001

Systolic blood pressure, mmHg 116.9± 12.5 118.8± 12 119.4± 11.8 120.5± 11.4 <.001

Diastolic blood pressure, mmHg 68.8± 8.6 70± 8.7 70.9± 8.9 72.1± 8.7 <.001

Serum creatinine, mg/dL 0.6± 0.6 0.7± 0.1 0.8± 0.5 0.9± 0.5 <.001

eGFR, mL/min per 1.73m2 80.9± 15.3 77.7± 15 75.2± 14.2 73.8± 16 <.001

Urine protein, % 20 (2.7) 15 (2.1) 31 (3.9) 41 (5.4) .003

CKD, % 55 (7.5) 65 (8.9) 118 (14.7) 149 (19.6) <.001

Fasting blood glucose, mg/dL 91.4± 25.3 90.2± 16.2 94.1± 20.0 94.2± 16.1 <.001

HbA1c (NGSP), % 5.4± 0.6 5.4± 0.6 5.4± 0.7 5.3± 0.6 .043

DM,%

LDL cholesterol, mg/dL

42 (5.7)

118.8± 31.0

38 (5.2)

124± 32.0

57 (7.1)

123.5± 31.4

44 (5.8)

125± 32.6

.431

< .001

HDL cholesterol, mg/dL 66.9± 17.1 65.8± 17.2 62.4± 16.6 57.8± 15.8 <.001

Triglyceride, mg/dL

median (IQR)

93.3± 57.0

79.5

(61.0-108.0)

97± 51.7

87.0

(61.0-117.0)

112.2± 68.2

95.0

(70.0-136.5)

144.3± 111.5

118.0

(79.0-169.0)

.065

Hemoglobin, g/dL 13.5± 1.3 13.5± 1.3 14.1± 1.4 14.7± 1.4 <.001

Current smoker, % 82 (11.1) 100 (13.6) 183 (22.8) 257 (33.8) <.001

Daily alcohol intake, % 58 (8.1) 73 (10.4) 167 (21.8) 279 (38.7) <.001

Habitual exercise, % 576 (80.5) 525 (73.7) 580 (74.6) 539 (73.5) .006

Values are expressed as mean ± standard deviation or N (%) as appropriate. eGFR: estimated glomerular filtration rate, CKD: chronic kidney disease, DM:

diabetesmellitus, LDL cholesterol: low-density lipoprotein cholesterol,HDL cholesterol: high-density lipoprotein cholesterol. Current smoker: smoking≥100

cigarettes or regularly smoking for more than 6 months. Daily alcohol intake: regular drinking habits. Habitual exercise: exercise for more than 30 min per

day, two times ormore per week.

levels were determined using an enzymatic method, and glycated

hemoglobin (HbA1c) levels (NGSP: National Glycohemoglobin Stan-

dardization Program value) were determined using high-performance

liquid chromatography. Diabetes was defined as fasting glucose level

of ≥7.0 mmol/L, non-fasting glucose level of ≥11.1 mmol/L, HbA1c

level of ≥6.5%,19 or use of glucose-lowering therapies. Serum low-

density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)

cholesterol, and triglyceride levels were determined enzymatically.

Dyslipidemia was defined as LDL cholesterol level of ≥3.62 mmol/L,

HDL cholesterol level of < 1.03 mmol/L, triglyceride level of

≥1.69mmol/L,20 or current use of medications for dyslipidemia.

2.3 Blood pressure measurement and definition
of incident hypertension

In accordance with standardized guidelines,21 BP was measured by

trained staff on the right upper arm using a mercury, automated, or

aneroid sphygmomanometer with an appropriately sized cuff after an

interval of at least 5 minutes of rest with the participant seated in a

chair. BPwasmeasured twice, and themeanof the two valueswas used

in the analysis. Elevated BP at baseline was defined as systolic BP of

130–139 mmHg and/or diastolic BP of 85–89 mmHg. Incident hyper-

tensionwas defined as BP elevation to≥140/90mmHg21 or use of BP-

loweringmedications, whichwas confirmed at the end of the follow-up

period.

2.4 Statistical analysis

All data were presented as the mean ± standard deviation or

as n (%). Continuous variables were compared using analysis of

variance, and categorical variables were compared using the chi-

squared test. Univariable and multivariable-adjusted hazard ratios of

SUA/hyperuricemia for the outcome were estimated using Cox’s pro-

portional hazardsmodels. The effect of SUA/hyperuricemia on the out-

come was compared between subgroups by adding interaction terms

to the statistical models. A two-tailed p value of < .05 was considered



2074 KAWAZOE ET AL.

TABLE 2 Baseline characteristics according to presence of hyperuricemia

Serum uric acid, mg/dl [µmol/L]

<7.0 [< 416] 7.0<= [416<=] p value

No. 2808 229

Male, % 1092 (38.9) 216 (94.3) <.001

Age, y 57.4± 11.5 54.6± 12.4 <.001

Bodymass index, kg/m2 22.8± 3.2 24.5± 3.3 <.001

Systolic blood pressure, mmHg 118.78± 12.0 120.7± 11.5 .022

Diastolic blood pressure, mmHg 70.3± 8.7 72.8± 9.2 <.001

Serum creatinine, mg/dL 0.7± 0.5 0.9± 0.2 <.001

eGFR, mL/min per 1.73m2 77.3± 15.2 71.2± 16.7 <.001

Urine protein, % 89 (3.2) 18 (7.9) .002

CKD, % 331 (11.8) 56 (24.5) <.001

Fasting blood glucose, mg/dL 92.1± 19.7 97.3± 20.8 <.001

HbA1c (NGSP), % 5.1± 0.7 5.2± 0.7 .504

DM,%

LDL cholesterol, mg/dL

19 (8.3)

122.8± 31.8

162 (5.8)

123.1± 32.1

.121

.895

HDL cholesterol, mg/dL 63.7± 17.1 56.3± 14.7 <.001

Triglyceride, mg/dL

median (IQR)

107.5± 68.3

91.0 (66.0-129.0)

167.3± 146.5

127.0 (80.0-194.0)

<.001

Hemoglobin, g/dL 13.7± 1.5 15.0± 1.4 <.001

Current smoker, % 529 (18.9) 93 (40.8) <.001

Daily alcohol intake, % 475 (17.7) 102 (47.7) <.001

Habitual exercise, % 2056 (75.6) 164 (75.2) .913

Values are expressed as mean ± standard deviation or N (%) as appropriate. eGFR: estimated glomerular filtration rate, CKD: chronic kidney disease, DM:

diabetesmellitus, LDL cholesterol: low-density lipoprotein cholesterol,HDL cholesterol: high-density lipoprotein cholesterol. Current smoker: smoking≥100

cigarettes or regularly smoking for more than 6 months. Daily alcohol intake: regular drinking habits. Habitual exercise: exercise for more than 30 min per

day, two times ormore per week.

statistically significant. All statistical analyses were performed using

SAS software (version 9.4).

3 RESULTS

Table 1 shows the baseline characteristics according to the quartile of

SUA level. Participants with higher SUA levels were more likely to be

male and older and had higher systolic/diastolic BP values and fasting

blood glucose and higher incidences of CKD, dyslipidemia, and smok-

ing/drinking habits. Similar patterns were observed for baseline char-

acteristics according to the presence of hyperuricemia (Table 2).

During a mean follow-up period of 4.4 years, 943 new cases of

hypertension were detected (incidence: 70 per 1000 person-years).

Table 3 shows the incidence rates and hazard ratios for the develop-

ment of hypertension according to the quartiles of SUA levels. The

incidence rates of hypertension (per 1000 person-years) increased

with elevation of SUA levels: 52.4 for SUA level of < 4.00 mg/dL

(< 238 µmol/L), 64.7 for SUA level of 4.00–4.70 mg/dL (238–

279 µmol/L), 76.0 for SUA level of 4.71–5.70mg/dL (280–339 µmol/L),

and 88.0 for SUA level of ≥5.71 mg/dL (≥340 µmol/L) (p < .001 for

trend). This association remained significant even after adjustment for

other risk factors, including age, sex, elevated BP, obesity, diabetes

mellitus, dyslipidemia, current smoking, current alcohol intake, habit-

ual exercise, and CKD: the multivariable-adjusted hazard ratio (95%

confidence interval [CI]) was 1.11 (0.90–1.36) for SUA level of 4.00–

4.70 mg/dL (238–279 µmol/L), 1.25 (1.02–1.54) for SUA level of 4.71–

5.70 mg/dL (280–339 µmol/L), and 1.35 (1.07–1.70) for SUA level of

≥5.71mg/dL (≥340 µmol/L) comparedwith that in the reference group

(< 4.00mg/dL;< 238 µmol/L) (p= .007 for trend).

Table 4 shows the incidence rates and hazard ratios for the devel-

opment of hypertension according to the presence of hyperuricemia.

The incidence rates of hypertension significantly increased in the par-

ticipants with hyperuricemia (104.1 per 1000 person-years) compared

with that in thosewithout hyperuricemia (67.6 per 1000 person-years)

(p < .001). This association was significant even after adjustment for

other risk factors, including age, sex, elevatedBP, obesity, diabetesmel-

litus, dyslipidemia, current smoking, current alcohol intake, habitual

exercise, and CKD: the multivariable-adjusted hazard ratio (95% CI) of

hyperuricemia was 1.30 (1.02–1.66) (p= .034).

Finally,weperformeda stratified analysis to assess thehazard ratios

for the development of hypertension in each subgroup defined by sex,
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TABLE 3 Incident rates and hazard ratios for development of hypertension according to the quartiles of serum uric acid level

Serum uric acid, mg/dL [µmol/L] <4.00 [< 238]

4.00 to 4.70 [238 to

279]

4.71 to 5.70 [280 to

339] >5.71 [≥340] p for trend

No. 738 734 804 761

No. of events/person-years 181/3452 216/3336 270/3553 276/3137

Crude incidence rate

(per 1,000 person-years)

52.4 64.7 76.0 88.0

Crude hazard ratio (95%CI) 1 (reference) 1.23 (1.01 to 1.50) 1.46 (1.21 to 1.76) 1.68 (1.39 to 2.02) <.001

Multivariable-adjusted hazard ratio

(95%CI)*
1 (reference) 1.11 (0.90 to 1.36) 1.25 (1.02 to 1.54) 1.35 (1.07 to 1.70) .007

*Adjusted for age, sex, elevated body pressure, obesity, diabetes mellitus, dyslipidemia, current smoking, daily alcohol intake, habitual exercise, and chronic

kidney disease. 95%CI: 95% confidence interval.

TABLE 4 Incident rates and hazard ratios for the development of
hypertension according to the presence of hyperuricemia

Serum uric acid, mg/dL

[µmol/L] <7.0 [< 416] 7.0<= [416<= ] p value

No. 2808 229

No. of events/person-years851/12594 92/884

Crude incidence rate (per

1,000 person-years)

67.6 104.1

Crude hazard ratio (95%

CI)

1 (reference) 1.54 (1.24 to 1.90) <.001

Multivariable-adjusted

hazard ratio (95%CI)*
1 (reference) 1.30 (1.02 to 1.66) .034

*Adjusted for age, sex, elevated body pressure, obesity, diabetes mellitus,

dyslipidemia, current smoking, daily alcohol intake, habitual exercise, and

chronic kidney disease. 95%CI, 95% confidence interval.

age, alcohol intake, and CKD (Table 5). The effects of hyperuricemia on

the development of hypertension appeared to be stronger in partici-

pants with CKD (HR: 1.67, 95% CI: 1.07–2.62) than in those without

CKD (HR: 1.13, 95% CI: 0.84 –1.53) (p = .035 for interaction). There

were no clear differences in the effects of hyperuricemia on the devel-

opment of hypertension between the subgroups defined by sex, age,

and alcohol intake (all p> .2 for interaction).

4 DISCUSSION

In this large-scale retrospective cohort study of the general Japanese

population, hyperuricemia was found to be an independent risk fac-

tor for the future development of hypertension. This association was

significant even after adjustment for age, sex, elevated BP, obesity,

diabetes mellitus, dyslipidemia, current smoking, daily alcohol intake,

habitual exercise, and CKD (multivariable-adjusted hazard ratio: 1.30).

Additionally, stratified analysis revealed that the effects of hyper-

uricemia on the new development of hypertension were stronger in

participants with CKD than in those without CKD.

Several observational studies conducted in various populations

have reported that hyperuricemia is a significant risk factor for the

TABLE 5 Hazard ratios of hyperuricemia for the development of
hypertension among subgroups defined by sex, age, daily alcohol
intake, and CKD

Hazard ratio for

development of

hypertension (95%

Confidence Interval)

p value for
interac-

tion

Sex Male 1.34 (1.04 to 1.74) .209

Female 0.59 (0.18 to 1.94)

Age < 65 1.05 (0.77 to 1.42) .714

>= 65 1.43 (0.95 to 2.16)

Daily alcohol

intake

Yes 1.40 (0.99 to 1.99) .544

No 1.20 (0.84 to 1.69)

CKD Yes 1.67 (1.07 to 2.62) .035

No 1.13 (0.84 to 1.53)

CKD, chronic kidney disease.

development of hypertension.22–25 However, a limited number of lon-

gitudinal studies have shown the effects of hyperuricemia on the devel-

opment of hypertension independent of the presence of CKD, which is

an important confounder. The Framingham study reported significant

effects of hyperuricemia on the incidence of hypertension, indepen-

dent of eGFR and proteinuria: odds ratio (95% CI) of per 1 SD increase

in SUA for developing hypertension was 1.17 (1.02-1.33) in the multi-

variable model including eGFR and proteinuria as covariates.26

Our findings were in accordance with those of the Framingham

study, on the other hand, this previous study did not reveal interaction

between renal dysfunction and hyperuricemia for the development of

hypertension.With regard to the Japanese population, a retrospective

cohort study that used the data of 3,584 prehypertensive Japanese

adults who underwent health check-ups in 2004 andwere reexamined

in 2009 demonstrated 1.35-fold higher risks of incident hypertension

associatedwith hyperuricemia (defined as SUA> 7.0mg/dL inmen and

≥6.0 mg/dL in women), even after adjustment for age, sex, and BMI.27

The present longitudinal study of the general Japanese population con-

firmed the findings of the previous studies and clearly demonstrated
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significant linear associationsbetweenSUAand the incidenceof hyper-

tension, independent of other risk factors, including CKD.

We also demonstrated that increasing blood pressure was sig-

nificantly associated with hyperuricemia even after adjusted for

daily alcohol intake and the interaction for hypertension between

hyperuricemia and alcohol were not significant. These results were

almost accordance with recent previous study that was conducted

in Japanese community-based population (p for interaction between

hyperuricemia and alcohol drinking: .668 inmale and .811 in female).28

These findings suggest that the association between hyperuricemia

and development of hypertension is dependent of alcohol drinking sta-

tus.

In recent years, accumulating experimental studies have reported

that hyperuricemia leads to vascular endothelial dysfunction, which

causes BP elevation in several nonhuman animal models.29 It is

assumed that the mechanisms underlying vascular endothelial dys-

function involve (1) sodium urate crystals, which are deposited when

there is a rapid increase in SUA level, (2) oxidative stress due to nitric

oxide promotion through the process of metabolism of hypoxanthine

to uric acid, and (3) increased urate reabsorption via urate transporter

1, resulting in the activation of the renin–angiotensin system and vas-

cular proliferation.29–31

The mechanism of interaction between hyperuricemia and CKD is

not fully understood; however, Uedono and associates reported that

hyperuricemia may lead to increased resistance of the renal artery

anddecreasedglomerular filtrationamongparticipantswithnormalBP

and renal function.32 Therefore, hyperuricemia that accompanies CKD

could result in more severe damage to an afferent arteriole and the

development of hypertension.

To the best of our knowledge, this study is the first to clarify the role

of CKD in the association between hyperuricemia and the incidence of

hypertension in large community-based participants.We acknowledge

there are some limitations in this study. First, the findings may have

been affected by selection bias because the participants who attended

the annual health check-ups were likely to be aware of healthy behav-

iors. Second, we were unable to obtain information regarding the use

of antihyperuricemic agents anddietary habits,which can influence the

level of SUA.

5 CONCLUSION

Hyperuricemia is an independent risk factor for the new develop-

ment of hypertension. The effects of hyperuricemia on the incidence of

hypertension were larger in participants with CKD than in those with-

out CKD, and this interaction will be needed to be verified in future

research.
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