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Background: Conflicting findings of the association between serum uric acid (SUA)
and atrial fibrillation (AF) have been reported in both men and women. The sex-specific
associations between SUA and the risk of AF are unclear, although hyperuricemia is
independently associated with the risk of AF. We performed this meta-analysis to assess
the sex-specific effect of SUA on the risk of AF.

Methods: The PubMed, EMBASE, and Cochrane Library databases were searched up
to October 3, 2021, for studies that reported sex-specific associations of SUA levels with
AF. Linear relationships were assessed by the generalized least squares trend estimation.
This study was registered with PROSPERO (42020193013).

Results: Ten eligible studies with 814,804 participants (415,779 men and 399,025
women) were identified. In the category analysis, high SUA was associated with an
increased risk of AF in both men (OR: 1.42; 95% Cl, 1.18-1.71, 12 = 34%) and women
(OR: 2.02; 95% ClI, 1.29-3.16, 12 = 70%). In the dose-response analysis, for each 60
pmol/L (1 mg/dL) increase in the SUA level, the risk of AF increased by 15% (OR:
1.15; 95% Cl, 1.07-1.25, 1> = 74%) in men and 35% (OR: 1.35; 95% Cl, 1.18-1.53,
1> = 73%) in women. There was a borderline difference in the impact of SUA on the risk
of AF between men and women (P for interaction = 0.05). A significant linear relationship
between SUA and the risk of AF was observed in men (P for non-linearity = 0.91) and
women (P for non-linearity = 0.92).

Conclusions: This study suggested that there was a significant linear relationship
between SUA and the risk of AF among men and women, with a higher risk estimate
for women. Additional trials are required to assess the effect of reduced SUA therapy on
AF incidence.
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INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac
arrhythmia and it is associated with an increased risk of stroke,
thromboembolic events, heart failure and other comorbidities.
Due to its high rate of disability and mortality, AF has become
a worldwide health problem (1). It is well known that sex is
an independent risk factor for AF development. Accumulating
evidence indicates that AF affects men and women differently
in all aspects, including clinical presentation, prognosis, and
outcomes (2, 3). Some studies have suggested that women with
AF had more comorbidities, were more often at the highest risk
for stroke, and were more often symptomatic than men (4-
6). Recently, a meta-analysis of 30 studies involving more than
four million participants showed that the risk of cardiovascular
disease and death associated with AF was twice as high in women
compared with men (7).

The specific pathophysiological mechanisms of AF are not yet
fully understood but are considered complex and multifactorial
(8). Neurohormone activation, oxidative stress upregulation and
immune activation jointly promote the occurrence of AF (9-
11). Serum uric acid (SUA), as the final purine metabolite
catalyzed by xanthine oxidoreductase (XO), reflects the degree of
oxidative stress in vivo (12). Over the past two decades, numerous
epidemiological studies have shown that elevated SUA levels
are closely related to various diseases, including hypertension
(13), coronary heart disease (14), cardiovascular disease (15,
16), obesity (17), diabetes (18), metabolic syndrome (19), liver
dysfunction (20), and chronic kidney disease (21). Moreover, a
variety of studies have demonstrated that a high SUA level is
significantly associated with AF and may be a potential risk factor
for AF (22-28).

SUA levels are affected by sex, and SUA levels in men are
higher than those in women in general, although their SUA levels
increase after menopause. More recently, several observational
studies have evaluated sex-specific associations of SUA with
incident AF, but the results were contradictory (29-38). For
instance, the Scottish Heart Health Extended Cohort (SHHEC)
study proposed that elevated SUA was associated more strongly
with AF in women than in men (37), while the Atherosclerosis
Risk in Communities (ARIC) study demonstrated that an
independent association with SUA was only observed in
women after adjusting for other cardiovascular risk factors (29).
Considering that the potential sex-specific correlation between
elevated SUA levels and AF would provide new insights into the
etiology of AF, studies that have probed this issue and synthesized
the conflicting evidence are definitely needed (39). However, no

Abbreviations: AF, atrial fibrillation; SUA, serum uric acid; XO, xanthine
oxidoreductase; OR, odds ratio; RR, risk ratio; HR, hazard ratio; NOS,
Newecastle-Ottawa Scale; BMI, body mass index.

such studies have been carried out, and all previous meta-analyses
only focused on the relationship between SUA and AFE rather
than the sex-specific association (26-28).

Therefore, we performed a meta-analysis to evaluate whether
there are sex-related differences in the association of SUA levels
with the risk of AF.

METHODS

Protocol Registration and Search Strategy
We registered the protocol in PROSPERO
(International prospective register of systematic reviews
https:www.crd.york.ac.uk/PROSPERO/-registration =~ number-
CRD 42020193013). This meta-analysis was performed
in accordance with the PRISMA statement (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
(Supplementary Table S1) (40).

Database search, literature selection, quality assessment, and
data extraction were carried out independently by two authors
(J-H. X and W. S). Any disagreements were settled through
discussions. The PubMed, EMBASE, and Cochrane Library
databases were searched up to October 3, 2021 for all related
studies. No restrictions were imposed on the language of the
publications. The following MeSH words were used in our
search strategies: (“uric acid” OR “urate” OR “hyperuricemia”
OR “gout”) AND (“atrial fibrillation” OR “atrial flutter” OR
“atrial tachycardias”).

Selection Criteria and Study Selection

The inclusion criteria were as follows: (1) reported sex-specific
association of SUA levels with AF or reported for a specific
sex; (2) risk estimates [risk ratio (RR), hazard ratio (HR), or
odds ratio (OR)] and corresponding 95% ClIs of the association
between SUA and AF were reported. In addition, studies were
excluded if they met the following conditions: (1) reviews, meta-
analyses, congress abstracts, practice guidelines, patents, cases,
editorials, replies, or comments; (2) the required data were not
extractable even after contacting the corresponding authors for
further information.

Data Collection and Quality Assessment
The data were collected into a predesigned standard spreadsheet.
The following data were abstracted from each included study:
study characteristics (first author’s name, publication year,
location, and study design), patient characteristics (type of
population, sample size, age, percentage of men, follow-
up duration and AF detection), and outcomes (number of
events, adjusted OR/RRs and the corresponding 95% ClI,
and adjustments).

We used the Joanna Briggs Institute critical appraisal checklist
to evaluate the quality of the cross-sectional studies (41). The
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Newcastle-Ottawa Scale (NOS) was applied to assess the quality
of the case-control and cohort studies (42). The NOS scoring
criteria included three aspects: (1) the selection of the subjects;
(2) the comparability of the subjects; and (3) the clinical outcome
or exposure. The total NOS score was 9, with a score of 7 or more
considered high quality.

Statistical Analysis

To examine the relationships between SUA level and the risk
of AF among men and women, we pooled the ORs and the
corresponding 95% Cls by using the inverse-variance method.
The RRs and HRs were considered equivalent to ORs. For
the category analysis, both patients with highest vs. lowest and
hyperuricemia vs. normal was analyzed. Hyperuricemia was
defined as a SUA level > 7 mg/dl in three studies (22, 25, 31) for
men and >5.7 mg/dl in two studies (22, 31) for women.

We performed dose-response analysis and calculated study-
specific slopes (linear trends) by using the method proposed
by Greenland and Longnecker (43). Additionally, 95% CIs were
calculated from the natural logs of the ORs and CIs across
the SUA categories. In addition, we assessed the potential non-
linear association between SUA and the risk of AF by using
restricted cubic splines with 3 knots (44, 45). Heterogeneity
among the included studies was evaluated by the 2 test (with
a P-value < 0.10 considered significant) and I?> test (25%,
50%, and 75% represent low, moderate and high heterogeneity,
respectively) (46). ORs and the corresponding 95% Cls were
pooled by using the random-effects model, considering the
potential heterogeneity across studies.

Subgroup and meta-regression analyses were used to identify
potential sources of heterogeneity among the analyses. Studies
were stratified by the mean age of the participants; region; NOS
scores; study design; sample size; population; and adjustments for
important risk factors, including age, body mass index (BMI),
smoking, history of hypertension, and diabetes. We performed
a sensitivity analysis by omitting 1 study at a time to assess
the robustness of the conclusions. The possibility of publication
bias was assessed by funnel plots, Egger’s test (47), and Begg’s
test (48). All analyses were conducted by using Stata 14.0
(Stata Corp LP, College Station, TX, USA) and Review Manager
(RevMan) version 5.3 (The Cochrane Collaboration 2014; Nordic
Cochrane Centre Copenhagen, Denmark). A p-value < 0.05 was
considered significant.

RESULTS

Literature Search

The literature screening process is shown in Figure 1. The initial
database search identified 632 records, and after screening the
titles and abstracts, 31 articles remained for full text screening.
Among the 31 articles selected for full-text review, we included
10 studies (29-38) and excluded 21 for the following reasons: (1)
the studies did not report the target exposure (e.g., allopurinol,
gout attack, etc., n = 5); (2) the studies did not report sex-specific
outcomes (n = 10); (3) editorials or review articles (n = 5); and
(4) univariate analysis (n = 1). The reasons for exclusion are
listed in Supplementary Table S2.

Study Characteristics and Study Quality

The basic characteristics of all included studies are summarized
in Table 1. Overall, 10 studies were included (29-38), with
814,804 participants (415,779 men and 399,025 women). The
populations included in the studies ranged from 400 to 353,613
for the sample size, 4-22.6 years for follow-up, and 38-64
years for the mean or median age. Two studies were designed
as cross-sectional (33, 34), 3 were retrospective cohorts (32,
36, 38), and 5 were prospective cohorts (29-31, 35, 37). Most
studies were well adjusted for potential confounders. Six reports
were from Asia (China = 3, Japan = 2, and Korean = 1)
(32-36, 38), 3 from Europe (Italy = 1, Scotland = 1 and
Norway = 1) (30, 31, 37), and 1 from the USA (29). In
accordance with the Joanna Briggs Institute Critical Appraisal
ChecKklist, 2 cross-sectional studies met all nine criteria (33, 34).
which meant that these articles applied rigorous methodology
(Supplementary Table S3). Based on the NOS, the quality of all
of the included reports was high (29-32, 35-38), with a score
range of 7-9 (Supplementary Table S4).

SUA Levels and Risk of AF in Men and

Women

Categorical Analysis of SUA and AF

Six studies (31, 33-36, 38) with 393,489 men/380,746 women
reported the association as a category variable between the SUA
levels and AF. In the analyses of highest-vs.-lowest, an increased
risk of AF with higher SUA levels was found (OR: 1.42; 95% CI,
1.18-1.71) in men, with low evidence of heterogeneity (I> = 34%,
Figure 2A). The heterogeneity was reduced to 0% when Sun et
al. (33) was excluded, with a similar result (OR: 1.33; 95% CI,
1.15-1.53, 1* = 0%).

In women, a consistent result was observed (OR: 2.02; 95%
CI, 1.29-3.16), with high heterogeneity (I> = 70%, Figure 2B).
Notably, two studies (34, 36) showed an OR over 6, which is much
larger than the others. The results remained significant with no
evidence of heterogeneity (OR: 1.44; 95% CI, 1.14-1.82, I = 0%)
when excluding the above studies (34, 36).

Only three studies (33, 34, 36) examined the gender-specific
association between hyperuricemia vs. the normal SUA and
AF. The results showed that patients with hyperuricemia were
associated with increased risk of AF in men (OR: 1.71; 95% CI,
1.16-2.54, I> = 31%) but not in women (OR: 2.93; 95% CI,
0.69-12.38, I = 85%) (Supplementary Figure S1).

Dose-Response Association Between SUA and the
Risk of AF in Men and Women
A total of 10 articles (29-38) with 415,779 men and 211,177
women were included in the dose-response analysis. Ten
articles (29-38) with 415,779 participants reported an association
between the SUA levels and AF in men. The results showed that
each 60 pmol/L (1 mg/dL) increment in SUA increased the risk of
AF by 15% (OR: 1.15; 95% CI, 1.07-1.25) in men, with significant
heterogeneity (I> = 74%; Figure 3A). There was no evidence of a
non-linear association between the SUA levels and the AF risk (P
for non-linearity = 0.91; Figure 4A).

Nine studies (29-37) with 211,177 participants reported an
association between the SUA levels and AF in women. The
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FIGURE 1 | Flow chart of study selection.

results showed that each 60 umol/L (1 mg/dL) increment in SUA
increased the risk of AF by 35% (OR: 1.35; 95% CI, 1.18-1.53) in
women, with high heterogeneity (I*> = 73%; Figure 3B). There
was no evidence of a non-linear association between the SUA
levels and the AF risk (P for non-linearity = 0.92; Figure 4B).

There was a borderline significant difference in the impact
of SUA [per 60 pmol/L (1 mg/dL) increase] on the risk of AF
between men and women (P for interaction = 0.05).

Publication Bias

As shown in Supplementary Figure S2, possible publication
bias was detected by funnel plots, Egger’s and Begg’s tests.
Thus, we used a trim-and-fill method to adjust for publication
bias. However, the results did not change after applying
the trim-and-fill test, indicating that the impact of this bias
was likely insignificant and that our results were credible
(Supplementary Figure S3).
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TABLE 1 | Basic characteristics of the articles included in the meta-analysis of serum uric acid and risk of atrial fibrillation in men and women.

References Location Design Population Sample size Follow- Age AF Adjustments for confounders
up (years) detection
time
(years)

Tamariz et USA Prospective General Men: 7,054 16 54 ECG Age, race, education, field

al. (29) cohort population Women: 8,328 center, BMI, alcohol, serum
glucose, SBP, DBP, and
LDL-cholesterol, CHD and HF,
diuretic use, P-wave duration, Ml
and HF

Valbusa et Italy Prospective Type2 Men: 235 10 64 ECG Age, gender, BMI, SBP,

al. (30) cohort DM Women: 165 hypertension treatment,
electrocardiographic PR interval,
and history of HF

Nyrnes et Norway Prospective General Men: 3,090 10.8 61 ECG Age, sex, smoking, alcohol, PA,

al. (31) cohort population Women: 3,218 SBP, eGFR, BMI, total
cholesterol, HDL-cholesterol,
CHD, DM,
anti-hypertensive/diuretic/ACEI
treatment, and Ml incidence

Ding et al. China Retrospective DM Men: 7,449 NA 57.2 ECG Age, BMI, SBP, DBP, FBG, TG,

(82) cohort patients Women: 1,601 TC, LDL, UA, BUN, CRP, PR,
smoking, history of Ml and
anti-hypertensive medication

Sun et al. China Cross- General Men: 5,170 NA 53.8 ECG Age, BMI, waist circumference,

(39) sectional population Women: 6,168 SBP, DBP, fasting blood glucose,
TC, TG, smoking, drinking, M,
low LVEF, LV hypertrophy, and
family history of AF

Chen et al. China Cross- General Men: 4,686 NA 421 ECG Age, smoking, alcohol use,

(34) sectional population Women: 4,251 diuretics use, statins use,
hypertension, DM, MI,
TIA/stroke, dyslipidemia, HF and
gout

Kwon et al. Korea Retrospective ~ General Men: 161,362 5.4 38 ECG Age, sex, BMI, smoking status,

(36) cohort population Women: alcohol intake, regular exercise,

121,111 medical history hypertension,
DM, stroke, CAD, SBP and CKD

Kawasoe et Japan Prospective General Men: 53,416 41 53.8 ECG Age, BMI, Scr, smoking and

al. (35) cohort population Women: 58,150 drinking status, and presence of
hypertension, DM, and
dyslipidemia

Peters et al. Scotland Prospective General Men: 7,652 22.6 49 ECG Age, family history of CHD,

387) cohort population Women: 8,185 socioeconomic status, cigarette
equivalent dose, systolic BR, TC,
and HDL

Seki et al. Japan Retrospective  General Men: 165,765 3.2 40 ICD Age, overweight/obesity, high

(38) cohort population Women: waist circumference,

187,848 Hypertension, DM mellitus,

dyslipidemia, CKD, cigarette
smoking, alcohol drinking, and
PA

AF, atrial fibrillation; BMI, body mass index; DM, diabetes mellitus; CKD, chronic kidney disease; CAD, coronary artery disease; BF, blood pressure; SBF, systolic blood pressure; DBF,
diastolic blood pressure; PR, pulse pressure; PA, physical activity; eGFR, estimated glomerular filtration rate; CHD, coronary heart disease; MI, myocardial infarction; HF, heart failure;
ACEI, angiotensin converting enzyme inhibitor; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Scr, serum creatinine; TIA, transient ischemic attack; TC, total cholesterol;
TG, triglyceride; LVEF, left ventricular ejection fraction; LV, left ventricular; UA, serum uric acid; FBG, fasting blood glucose; BUN, blood urea nitrogen; CRF, systemic inflammation; NA,
not available; ECG, electrocardiogram; ICD, implantable cardioverter defibrillator.
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Uric acid and risk of AF in men and women, highest vs. lowest
A
Men
Odds Ratio Odds Ratio
Study or Subgroup _log[Odds Ratio] SE_Weight IV, Random, 95% CI 1V, Random, 95% CI
Sun,2015 0.93609336 0.313164 7.8% 2.55[1.38,4.71]
Seki,2021 0.27763174 0.12234 28.0% 1.32[1.04, 1.68] il
Nyrnes,2014 0.49469624 0.21852 13.8% 1.64 [1.07, 2.52] =
Kwon, 2018 0.47000363 0.175692 18.7% 1.60[1.13, 2.26] i
Kawasoe,2018 0.15700375 0.121282 28.2% 1.17 [0.92, 1.48] ™
Chen, 2017 0.02469261 0.480039 3.6% 1.03 [0.40, 2.63]
Total (95% Cl) 100.0% 1.42[1.18,1.71] L 4
Heterogeneity: Tau? = 0.02; Chi2 = 7.54, df = 5 (P = 0.18); 12 = 34% ‘ ’ ‘ ’
B _ 0.01 0.1 1 10 100
Test for overall effect: Z = 3.72 (P = 0.0002) decrease AF ————
B
Women
Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio] SE_Weight 1V, Random, 95% CI IV, Random, 95% CI
Chen, 2017 1.850971 0.466129 12.6% 6.37 [2.55, 15.87] -
Kawasoe, 2018 0.553885 0.217727 21.2% 1.74 [1.14, 2.67] =
Kwon, 2018 1.93586 0.675246 8.0% 6.93 [1.84, 26.03]
Nyrnes,2014 0.542324 0.281116 18.8% 1.72[0.99, 2.98] -
Seki,2021 0.131028 0.192673 22.1% 1.14[0.78, 1.66] -
Sun,2015 0.378436 0.318646 17.4% 1.46 [0.78, 2.73] T
Total (95% ClI) 100.0% 2.02[1.29, 3.16] 4
it g i : Chiga - - <12 = 709 I t t {
1|-_|etnterfogene|tyl.l T?fu : 2303 ((;‘.: i Jgggzdf 5 (P =0.005); I?=70% 0.01 01 1 10 100
est for overall effect: Z = 3.06 (P = 0.002) decrease AF Increase AF
FIGURE 2 | Forest plot for the risk of AF with the highest vs. the lowest serum uric acid among men (A) and women (B). AF, atrial fibrillation SE, standard error.

Subgroup, Meta-Regression, and Sensitivity Analyses
We conducted a subgroup analysis by patient characteristics,
such as age, region, and confounding factors. As shown in
Table 2, a positive association between SUA and the risk
of AF among men and women persisted in almost all
subgroup analyses defined by sex, region, sample size, study
quality and adjustment for clinical confounding, and there
was little evidence of heterogeneity among any of these
subgroups with meta-regression analyses. There was a stronger
association between SUA and the risk of AF among reports
with diabetic populations, whether in men (P heterogeneity
< 0.001) or women (P heterogeneity = 0.001). Sensitivity
analyses performed by omitting each study did not change
the conclusion, which supported the robustness of our results
(Data not shown). Further sensitivity analysis performed by
removing the only study (38) that used an implantable
cardioverter-defibrillator (ICD) to detect AF showed similar
results (Supplementary Table S5).

DISCUSSION

Main Findings

Based on 10 eligible studies with 814,804 participants (415,779
men and 399,025 women), we further investigated the sex-
specific association and found a positive linear dose-response

relationship between SUA and AF in both men and women.
For each 60 pmol/L (1 mg/dL) increase in SUA levels, the
risk of AF increased by 15% in men and 35% in women.
There was a borderline significant sex difference in the impact
of SUA on the risk of AF, with the risk estimates being
higher in women.

Two studies (30, 32) with diabetic patients were included in
the analysis. In a subgroup of the population, we found that
there was a stronger association between SUA and the risk of
AF among the reports with diabetic populations, whether in men
or women. Consistent with this trend, a study that included 245
patients showed that hyperuricemia increased the risk of AF
by 341% in type 2 diabetes (24). Moreover, numerous studies
have reported that SUA has a potential connection with diabetes
(49). Insulin resistance in diabetic patients can increase SUA
reabsorption. Similarly, diabetic nephropathy leads to a decrease
in SUA excretion through the kidney (50-53). Other studies have
shown that high levels of SUA are a risk factor for vascular
disease in type 2 diabetes and insulin resistance (54). Therefore,
the relationship between SUA and AF may be amplified in
diabetic patients.

SUA predicts the development of hypertension (55), which
is a well-known risk factor for AF. Evidence from a double-
blinded, placebo-controlled study of prehypertensive adolescents
showed that lowering SUA had a positive effect on blood
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A Men
E Weigh
Chen, 2017 0.008515 0.185531 4.3%
Ding, 2015 0.593327 0.151842 4.8%
Kawasoe, 2018 0.076961 0.049993 12.8%
Kwon, 2018 0.190178 0.075451 10.2%
Nyrnes,2014 0.122218 0.051873 12.6%
Peters,2018 0 0.043255 13.5%
Seki,2021 0.11332869 0.03862236 13.9%
Sun,2015 0231112 0.078648 9.9%
Tamariz,2011 0.031276 0.037184 14.0%
Valbusa,2013 0.656638 0.16751 4.2%
Total (95% CI) 100.0%

Test for overall effect: Z = 3.61 (P = 0.0003)
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pressure reduction (56). In our results, although adjustments for
hypertension did not influence the positive associations between
SUA and AEF an unexpectedly larger magnitude risk estimate was
seen in women after adjustment for hypertension. To date, we
have no logical explanation for these unexpected results. More
studies will likely be needed to assess the effect of hypertension
on the association between SUA and AF.

Interestingly, the category analysis of hyperuricemia vs.
normal SUA showed patients with hyperuricemia were associated
with increased risk of AF in men but not in women. No
statistically significant difference among women (P = 0.14,
Supplementary Figure S1) may due to the limited data.

Sex-Related Difference

A sex-specific association between SUA and health was suggested
by previous studies, such as stroke (57), left ventricular
hypertrophy (58), metabolic syndrome (59), and coronary
artery disease (60, 61). For example, the results from the First

National Health and Nutrition Examination Survey (FNHANES)
showed significant higher ischemic heart disease mortality, total
cardiovascular mortality, and all-cause mortality in women with
increasing SUA levels (62). In the context of AF, the results were
also inconsistent. In several longitudinal studies, a significant
association between high SUA and new-onset AF was observed
in women but not in men (31, 35). However, other cohorts
showed contrary results, with independent associations being
significant in men but not in women (33, 38). In the present
study, we showed that a high SUA was associated with a risk of
AF in both men and women. However, there was a borderline
significant sex difference in the impact of SUA on the risk
of AF, with risk estimates being higher in women. This trend
was consistent in non-linear analysis, showing a likelihood of a
steeper increase in women with increasing SUA. Moreover, an
analysis based on a Chronic Condition Data Warehouse showed
that the reduced risk estimate of incident AF with allopurinol
use was more prominent in women (63), which reinforced
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our results in the context of sex differences. The mechanism
underlying SUA and AF has been discussed previously (28).
The mechanism underlying different sex-based patterns remains
unclear and may be due to differences in sex hormones. In
general, estrogen is well known to have a heart-protecting effect,
such as reducing the number of uric acid transporters in the
kidney. However, it has been reported that estrogen can induce
increased expression of urate transporters in female patients
(64, 65). SUA enters cardiomyocytes through urate transporters,
which increases the expression of kvl.5 protein, thus shortening
the action potential duration and leading to the occurrence
and progression of AF (66, 67). In addition, variations in SUA
levels between men and women are thought to be linked to
increased renal urate reabsorption in response to testosterone
(68). Moreover, in certain large cohorts, an association between
low levels of circulating testosterone and incident AF has been
discovered (69, 70). Decreased testosterone levels have been
shown in animal models to promote proarrhythmic alterations
in calcium management, which might increase the risk of AF
(71, 72). Further studies are warranted to elucidate the underlying
biological mechanisms of sex-specific patterns.

The occurrence of AF increases with age. SUA levels in
postmenopausal women are increased due to metabolic changes
caused by menopause (73), which might contribute to the
higher incidence of AF in older women. In contrast, in men,
flat or slightly declining SUA levels are observed with aging
(74). This age-related change in SUA might influence the
sex differences associated with the AF risk. However, in the
present study, the mean age of the women ranged from 38
to 57 years in the majority of studies, and the mean age
of all patients in the included studies was under 65 years.
The subgroup of elderly individuals was not available, which
precluded us from further assessing the sex difference stratified
by elderly individuals. Notably, a trend of sex difference
persisted in the SUA-associated AF after adjustment for age
(OR = 1.35 for women and OR = 1.15 for men), although

with a non-significant P-value (0.1). Therefore, our results
do not seem to support the hypothesis that increasing age
accounts for the sex-based difference in the context of SUA
and AF.

Clinical Implications

Considering the proven association between high SUA and an
increased risk of AF, SUA-lowering therapy may be a therapeutic
target for reducing the risk of AF in the future. A retrospective,
single-center study of 603 patients with heart failure showed
that the use of allopurinol reduced the risk of AF by 13% (75).
In a retrospective cohort study including 9,244 elderly patients,
Singh et al. reported that patients receiving allopurinol had a
lower incidence of AF and that longer usage of allopurinol was
associated with a lower risk of AF, heart failure mortality and
myocardial infarction (63). Consistently, a recent meta-analysis
suggested that allopurinol treatment of hyperuricemia was
associated with improved endothelial function, which indicated
that allopurinol might have a cardioprotective effect in addition
to lowering the SUA levels (76), especially for those with
cardiovascular diseases, such as diabetes. However, febuxostat
might not be ideal because it increases the risk of cardiac and
all-cause death compared with allopurinol (77). Thus, the Food
and Drug Administration has recently issued a safety alert for
febuxostat, which increases the risk of cardiovascular events in
patients (78). Considering that merely reducing serum urate with
a drug such as febuxostat has not been proven to benefit cardiac
health, the benefits of allopurinol in lowering the incidence of
AF may arise from a mechanism of action other than lowering
urate. Moreover, we also found that the cutoff value of SUA
was higher in women than in men for the association with AF.
Additional studies are required to confirm this sex difference, and
trials are also needed to clarify the optimal SUA levels and the
safety of various SUA-lowering drugs for the future prevention
of AF.
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TABLE 2 | Subgroup analysis of serum uric acid and risk of atrial fibrillation in men and women, per 1 mg/dL increment.

Men Women
Items Number of OR 95% CI 12 Within Number of OR 95% CI 12 Within
studies subgroup studies subgroup
Age <65 years 10 1.15 1.07-1.25 74% NA 9 1.35 1.18-1.53 73% NA
>B5 years 0 NA NA NA NA NA NA
Region Northern 1 1.01 0.73-1.40 NA 0.49 1.15 1.05-1.26 NA 0.13
America
Europe 3 1.28 1.01-1.63 79% 3 1.27 0.99-1.63 85%
Asia 6 1.19 1.08-1.31 63% 5 1.62 1.17-1.97 80%
NOS scores <7 scores 3 1.32 1.00-1.75 72% 0.34 3 1.59 1.04-2.43 85% 0.25
>7 scores 7 1.13 1.05-1.22 63% 6 1.23 1.08-1.39 74%
Study Cross- 2 1.18 0.97-1.44 32% 0.88 2 1.51 0.79-2.86 89% 0.66
design section
Cohort 8 1.17 1.08-1.28 74% 7 1.30 1.13-1.49 78%
Sample size <5,000 4 117 1.00-1.38 79% 0.67 4 1.33 1.16-1.51 78% 0.39
>5,000 6 1.19 1.08-1.30 61% 5 1.14 1.03-1.26 58%
Population General 8 1.1 1.06-1.16 17% <0.001 7 1.22 1.08-1.37 73% 0.001
population
Diabetes 2 1.86 1.49-2.32 0% 2 1.87 1.48-2.37 0%
mellitus
population
Adjusted for Yes 10 1.15 1.07-1.25 74% NA 9 1.35 1.18-1.53 73% NA
age
No 0 NA NA NA NA NA NA
Adjusted for Yes 1.19 1.09-1.30 76% 0.34 1.32 1.15-1.51 70% 0.80
BMI
No 2 1.09 0.93-1.28 0% 2 1.45 0.71-2.96 93%
Adjusted for Yes 7 1.21 1.09-1.35 72% 0.34 1.59 1.28-1.98 76% 0.002
hypertension
No 3 112 0.98-1.27 64% 3 1.10 1.01-1.18 29%
Adjusted Yes 1.14 1.09-1.19 0% 0.53 1.42 1.18-1.72 75% 0.21
smoking
status
No 3 1.24 0.95-1.63 85% 1.20 0.99-1.45 83%
Adjusted Yes 1.1 1.06-1.17 38% 0.17 1.19 1.09-1.30 35% 0.15
diabetes
mellitus
No 4 1.40 1.02-1.90 80% 1.64 1.06-2.51 91%
Adjusted Yes 1.14 1.07-1.20 0% 0.54 1.55 0.90-2.67 75% 0.62
kidney
function
No 7 1.18 1.05-1.34 81% 7 1.34 1.15-1.56 76%

OR, odd ratio; NOS, Newcastle-Ottawa Scale; BMI, body mass index; Cl, confidence interval; NA, not available.

As we know, SUA level was regulated by kidney function.
Evidence from recent studies showed renal dysfunction
could impair the excretion of uric acid and contribute to
a higher prevalence of hyperuricemia in the elderly. We
performed a subgroup analysis stratified by adjustment for
renal function. A positive association between SUA and the
risk of AF among men and women persisted and there was
little evidence of heterogeneity. Therefore, the association
between SUA and risk of AF might be independent of
kidney function.

Strengths and Limitation

Our results appear to agree with previous meta-analyses (26—
28), which suggested that high SUA is associated with an
increased prevalence and risk of AF. More importantly, our
meta-analysis extended these studies and had three important
strengths. First, to the best of our knowledge, this is the
first dose-response meta-analysis that explored the sex-specific
associations of SUA with the risk of AF. Second, all of
the included studies adjusted for clinical confounding factors,
indicating that our results were relatively stable. Third, the
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strong associations between SUA and the risk of AF among
men and women persisted in all subgroup analyses and were
reliable in the sensitivity analyses, suggesting that elevated
SUA may be an independent risk factor for AF in both men
and women.

However, there are several limitations to the present
systematic review and meta-analysis that need to be discussed.
First, all of the included studies were observational studies.
Hence, additional randomized, controlled trials are warranted
to properly validate the associations of the SUA levels with
the risk of AF in both men and women. Second, a high
degree of heterogeneity was observed in our results. This
was not surprising because of variations in the characteristics
of the study populations and study designs. Third, although
the trim-and-fill method was applied to address the problem
of publication bias, such a test could have limited power
in the setting of relatively few studies (79). Thus, the
risk estimates may be overstated due to potential studies
with null results.

CONCLUSIONS
The findings of this study suggest that there is a
significant linear relationship between SUA and the

risk of AF among men and women, with a higher
risk estimate in women. Additional trials are required
to assess the effect of lowering SUA therapy on the
AF incidence.
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