'," frontiers

in Cardiovascular Medicine

REVIEW
published: 26 February 2021
doi: 10.3389/fcvm.2021.641136

OPEN ACCESS

Edited by:
Konstantinos Letsas,
Evaggelismos General
Hospital, Greece

Reviewed by:

Konstantinos Vlachos,

Institut de rythmologie et modélisation
cardiaque (IHU-Liryc), France
Panagiotis Korantzopoulos,

University of loannina, Greece

*Correspondence:
Yunlong Xia
yunlong_xia@126.com
Xiaolei Yang
15942456079@yeah.net

*These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Cardiac Rhythmology,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 13 December 2020
Accepted: 03 February 2021
Published: 26 February 2021

Citation:

Deng Y, Liu F, Yang X and Xia Y (2021)
The Key Role of Uric Acid in Oxidative
Stress, Inflammation, Fibrosis,
Apoptosis, and Immunity in the
Pathogenesis of Atrial Fibrillation.
Front. Cardiovasc. Med. 8:641136.
doi: 10.3389/fcvm.2021.641136

Check for
updates

The Key Role of Uric Acid in
Oxidative Stress, Inflammation,
Fibrosis, Apoptosis, and Immunity in
the Pathogenesis of Atrial Fibrillation

Yawen Deng?, Fei Liut, Xiaolei Yang* and Yunlong Xia*

Department of Cardiology, First Affiliated Hospital of Dalian Medical University, Dalian, China

Atrial fibrillation (AF) is a highly prevalent cardiac arrhythmia that leads to numerous
adverse outcomes including stroke, heart failure, and death. Hyperuricemia is an
important risk factor that contributes to atrium injury and AF, but the underlying molecular
mechanism remains to be elucidated. In this review, we discussed the scientific evidence
for clarifying the role of hyperuricemia in the pathogenesis of AF. Experimental and Clinical
evidence endorse hyperuricemia as an independent risk factor for the incidence of AF.
Various in vivo and in vitro investigations showed that hyperuricemia might play a critical
role in the pathogenesis of AF at different UA concentrations through the activation of
oxidative stress, inflammation, fibrosis, apoptosis, and immunity.
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INTRODUCTION

Atrial fibrillation (AF) is considered to be the most frequent cardiac arrhythmia and its prevalence
is increasing substantially. In 2016, 46.3 million individuals had prevalent AF/atrial flutter globally,
and the prevalence of AF has been estimated between 2 and 4% in adults (1). Also, the prevalence
of AF is expected to rise more than double in the next three decades, largely owing to the extended
life expectancy of the general population, intensifying search for undiagnosed AF (2), and longer
survival with chronic conditions (3). AF is associated with a 5-fold risk for stroke and is estimated
to cause 15% of all strokes (4), and among various cardiac arrhythmia, AF is receiving significant
attention for its contribution to cardiac mortality and morbidity (5).

Chronic diseases such as rheumatic heart disease, hypertension, hyperthyroidism, chronic
kidney disease, and diabetes mellitus have all been regarded as risk factors for AF (6, 7). Although
the pathophysiology underlying AF remains to be fully elucidated, inflammation and oxidative
stress are partially known for their involvement in the pathogenesis of AF (8). Recently, increased
focus has been given to the possible mechanism by which hyperuricemia causes AF. Similarly,
the link between hyperuricemia and other conditions such as hypertension, metabolic syndrome,
diabetes mellitus, and chronic kidney disease has been reported (9-11). Uric acid [UA; 7,9-hihydro-
1H-purine-2,6,8(3H)-trione; C5H4N403; molecular weight of 168.11 Da] is a heterocyclic organic
compound and an end product of purine metabolism in humans. UA acts as an antioxidant and
pro-oxidant at its normal and high concentration, respectively (12). Difficulties in determining
whether UA acts as a risk marker or a risk factor for AF remained debatable due to the
frequent association and intricate relationship with other cardiovascular risk factors. Despite such
controversy, the interest in UA has recently resurrected.
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A recent review on the role of UA in cardiovascular diseases
(CVD) has focused on summarizing the association between
uric acid and various cardiovascular diseases, mainly from
experimental evidence (13). Also, the review was shallow in the
area of AF despite its well-organized content on the relationship
between UA and CVD. Bearing in mind the significance of
bridging the experimental findings with clinical evidence, it is
undoubtedly important to summarize the association of UA
with AF based on both experimental and clinical evidence.
Therefore, this review will discuss the potential mechanism on
how UA involves in AF pathophysiology. In particular, our review
will summarize the effects of fibrosis, apoptosis, and immunity
on the progress of AF and how elevated UA associated with
hypertension and metabolic syndrome aggravates the risk of AF.

THE EXPERIMENTAL EVIDENCE IN AF

Bearing in mind that the extensive overlap exists between
comorbidities and risk factors of hyperuricemia and arrhythmias,
multivariable analyses of epidemiologically collected data cannot
substitute proof generated from basic and clinical studies. As
such, there is a need for further basic research to establish a
causal relationship between UA and AF and to identify the
mechanism by which UA is involved in AF pathology. Elevated
UA can cause arrhythmia either directly or indirectly, depending
on the availability of other risk factors. In this review, we
have summarized in vitro and in vivo studies regarding UA
acting on several cellular signaling pathways in Table 1. The
summary of the elevated UA induced cardiac remolding related
to electrophysiological and structural alterations via various
mechanisms, including oxidative stress, inflammation, fibrosis,
apoptosis, and immunity is described in Figure 1.

UA Participates in the Progress of
Hypertension-Induced AF

Clinically, hypertension is an independent risk factor for
AF. In the past, it was well-established that UA and nitrate
concentrations were positively associated with elevated blood
pressure (27). Some researchers also demonstrated that UA, the
most abundant antioxidant in plasma, reacts directly with nitric
oxide (NO) in a rapidly irreversible reaction resulting in the
formation of 6-aminouracil and depletion of NO (28). Also,
elevated UA was found to inhibit the production of NO in
bovine aortic endothelial cells caused by the vascular endothelial
growth factor (27). This evidence proves that hyperuricemia-
induced vascular insufficiency can be achieved by reducing NO
production. Besides, the angiotensin system is also believed to
involve in UA-induced NO production reduction. According to
earlier evidence, UA activates the renin-angiotensin system and
inhibits NO production by downregulating NOS1 expression.
UA can also indirectly affect NO production through classical
inflammatory pathways. Different concentration of UA in vitro
has been found to involve Ikba phosphorylation via NF-kB
activated inflammatory signaling pathway. This leads to the up-
regulation of inducible NO synthase (iNOS) expression and

excessive NO production, which subsequently contribute to the
injury of cells (17).

Elevated blood pressure is a known risk factor for AF, and
hypertension often coexists with AF. Whereas, hyperuricemia,
as a risk factor of AF, can directly trigger the occurrence of AF
or indirectly contribute to AF through a hypertension-induced
mechanism. Mazzali et al. used oxonic acid (OA) to create a
mild hyper-UA model in vivo. After a low-salt diet in the rats,
they found that the diameter of the arterioles of the mice with
hyperuricemia was shortened and the blood pressure increased
significantly (22). What’s more, vascular hypertension can cause
an increase in cardiac preload, resulting in left atrial structural
remodeling (26). Studies have shown that after entering into
cells through an organic anion transport, UA stimulates the
proliferation of vascular smooth muscle cells. The changes in the
vascular muscle cells may increase the thickness of the vascular
wall, which could further result in cardiac afterload, and long-
term atrial structural remodeling (29, 30), which could be the
potential mechanism of AF.

UA Participates in the Progress of
Metabolic Syndrome-Induced AF

Experimental studies proposed that UA may have a causal role in
metabolic syndrome (MetS) and obesity (22, 31). Earlier evidence
pointed out that UA enters the cell through UA transporters, and
intracellular UA increases the activity of xanthine oxidase (XO)
and NADPH oxidase (NOX) (18). As a result, these activities
promote the formation of superoxide. These common UA
transporters include URATv1, ABCG2, MRP4, and MCT9 (16).
A piece of evidence revealed, soluble UA provokes an increase in
NOX activity in differentiated 3T3-L1 adipocytes by promoting
the action of URATv1. The NOX activity per se is a cytoplasmic
enzyme consisting of at least one catalytic transmembrane-
spanning NOX subunit, which produces ROS by transferring
electrons from NADPH to molecular oxygen. In addition, the
reduction of bioavailability can result in the down-regulation
of NO and an increase in protein nitrosylation and lipid
oxidation (14, 19). Consequently, the formation of downstream
superoxide-dependent ROS is increased, which leads to the up-
regulation of monocyte chemotactic protein (MCP-1). These
pathophysiological alterations can eventually lead to obesity-
related low-grade inflammation, metabolic syndrome, and
cardiovascular diseases (32).

The Role of Oxidative Stress on the
Progress of Elevated UA-Induced AF

A substantial body of evidence suggests that oxidative stress
plays a key role in the pathophysiology of AF. However, the
molecular pathways of this pathologic process are complex.
Therefore, oxidative stress and its modulation in AF require the
development of strategies that target specific sources of ROS
implicated in atrial remodeling (33). XO is deemed to be a
key enzyme in UA metabolism, which is also a critical source
of reactive oxygen species (ROS), free radicals responsible for
oxidative damage (34) in cardiovascular diseases (35). A study
that involved a histochemical staining technique based on the

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2021 | Volume 8 | Article 641136


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Deng et al.

Uric Acid and Atrial Fibrillation

TABLE 1 | In vitro and in vivo studies regarding uric acid acting on several cellular signaling pathways in different hyperuricemia models.

The types the cells Concentration Acting duration Pathway Animal model References

Human proximal tubular cell 4,8,16 mg/d| 24,48 and 72h MAPK pathway No (14)

Cardiomyocyte 0-15 mg/dl 12,24,48and 72h ERK/P38 Yes? (15)

Renal proximal tubule cell 500 uM 8h PKC, MAPK, cPLA2, and NF-kB No (15)

Human umbilical vein 10, 50, and 100 60 min MEK/Erk pathway No (16)

endothelial cells a/ml

B-cell 5 mg/dL 24h NF-kB-iINOS-NO signaling axis. VYesP (17)

Mouse atrial myocytes 7 mg/dl 24h ERK pathway No (18)

Pre-adipocyte 3T3-L1 cells 15 mg/dl 5-30min p38 and ERK1/2 MAP kinases No (19)
pathway

Cardiomyocytes 0, 5,10, and 15 30min, 1, 8, 16 and IRS-PI3K-Akt signaling No (20)

mg/dl 24h

Rat cardiac fibroblasts 3-300 uM 24h ERK No 21

Interstitial macrophages 3% UA 7 weeks to feed RAS-NOS1 Yes® (22)

Human vascular smooth 6 to 12 mg/dl 1to48h p38 No (29)

muscle cells

Vascular smooth muscle cells 2.5t0 10 mg/dL 72h MAPK signaling molecules ERK VYes? (24)
p44/42 and p38 NF-kB

Human mesangial cells 8-50 mgy/dl 24h COX-2 expression and PGE2 No (25)
synthesis

Pulmonary artery endothelial 2.5-15 mg/dl 24h L-arginine-eNOS pathway No (26)

cells.

a|ntraperitoneal injection of potassium oxonate (300 mg/kg) and intragastric administration of hypoxanthine (500 mg/kg) for 1-2 h to create acute hyperuricemia.
bThe mouse hyperuricemia model was generated by daily intraperitoneal injection of uric acid (250 mg/kg, Sigma) for 4 weeks.
CMild hyperuricemia was induced in rats by providing a uricase inhibitor- oxonic acid (OA) and marked hyperuricemia were fed with 2% OA and 3% UA in the diet.

9OA feeding for rats.

reduction of nitro blue tetrazolium to formazan by superoxide
radical also revealed the presence of XO activity in human
hearts (36). Moreover, an analysis of the correlation between
maximal oxygen and UA level in patients with chronic heart
failure reflects the impairment of oxidative metabolism (37).
Autonomic nervous system activation can induce significant and
heterogeneous changes of atrial electrophysiology and induce
atrial tachyarrhythmias, including atrial tachycardia and AF (38).
Recently, some researchers showed that a continuous 4 weeks
inhibition of XO in infarcted rats down-regulated sympathetic
innervation (39). This suggests that UA involves in sympathetic
nerve activity via sympathetic innervation probably through
a superoxide-dependent pathway, which eventually contributes
to arrhythmia.

Cell experiments have been conducted to reveal the effect of
UA on cardiac remolding by stimulating the vascular Renin-
Angiotensin System (RAS) (40). The study demonstrated that
UA stimulates vascular smooth muscle cell proliferation and
oxidative stress via the vascular renin-angiotensin system.
Landmesser et al. have proved that angiotensin II induces
the increased activity of NOX and XO, and eventually causes
oxidative damage (41). An experimental test by Corry et al. also
found that the mRNA and intracellular protein of angiotensin II
were upgraded after 48 h of UA stimulation of vascular smooth
muscle cells, and this effect was inhibited after the use of losartan
and captopril (40). Moreover, increased oxidative stress levels
that result in the upregulation of hydrogen peroxide and 8-
isoprostatin was slowed down by losartan, captopril, and PD

98059 (a mitogen-activated protein (MAP) kinase inhibitor)
treatment, suggesting UA causes vascular dysfunction through
the angiotensin system.

Note, elevated UA levels cannot only increase the risk of
myocardial oxidative damage through activating RAS but
also lead to cellular damage by activating other pathways.
For instance, a shred of evidence has shown that high
UA can promote the up-regulation of NOX4 expression in
renal proximal tubule cells and result in an increase in ROS
production via activating P38 and ERK1/2 phosphorylation.
Such ROS production through activation of P38 and
ERK1/2 phosphorylation can further inhibit PI3K and Akt
activation, and unbalance Bax/Bcl-2 equilibrium, which could
eventually contribute to increased apoptosis and decreased cell
activity (42).

Hyperuricemia can also cause oxidative damage and
inhibit cardiomyocyte activity. Similar results were obtained
in vivo, consistent with those obtained in vitro. The
phosphorylation of ERK and P38 was up-regulated in mice
with acute hyperuricemia model (15). Another experimental
study endorsed hyperuricemia-induced oxidative stress in
cardiomyocytes to further progress to myocardial structural
remodeling (43).

Plasma urate level is directly regulated by a voltage-driven
urate efflux transporter (URATv1) in humans (44). Recently,
researchers have found that UA in the blood can promote the
formation of ROS in atrial myocytes through UA transporters. In
their study, they claimed that ROS activates ERK pathways and
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FIGURE 1 | Schematic diagram of putative mechanisms of hyperuricemia-mediated atrial fibrillation. VSM, vascular smooth muscle; Ach, Acetylcholine; NO, Nitric
Oxide; RAS, Renin-angiotensin system; NOS1, Nitric Oxide Synthase 1; iINOS, Inducible Nitric Oxide Synthase; MCP-1, Monocyte chemoattractant protein-1; CRP,
C-reactive protein; COX-2, Cyclooxygenase-2; PGE2, Prostaglandin 2; IL-6, Interleukin-6; TNF-a, Tumor necrosis factor-o; IL-18, Interleukin-18; MIP-2, Macrophage
inflammatory protein-2; IL-1b, Interleukin-1b; HMGB1, High Mobility Group Box 1; NOX2, NADPH oxidase 2; NOX4, NADPH oxidase 4.

regulates the mRNA and protein expression of KV1.5, Navl.5,
and HERG channels. These researchers also demonstrated that
hyperuricemia induces atrial electrical remodeling by activating
URATvI. And after using URATV1 inhibitors, the expression
of related sodium and potassium channel proteins and mRNA
decreased. At the same time, this electrical remodeling effect
was also inhibited by NOX inhibitors, apocynin, and antioxidant
N-acetylcysteine (18). A recent experimental study examined
the relationship between oxidative stress and atrial electrical
and structural remodeling, and the beneficial effects of XO
inhibitor allopurinol in alloxan-induced diabetes mellitus rabbits.

The study found that allopurinol attenuated atrial structural
and electrical remodeling and suppresses AF vulnerability.
These protective effects of allopurinol were highly associated
with reductions in ROS formation and atrial fibrosis-related
factors and abnormal calcium homeostasis (45). Allopurinol
can improve atrial electrical remodeling by inhibiting CaMKII
activity and protein expression of Na+/Ca2+ exchanger in
diabetic rats (46). In aggregate, these findings indicate that
oxidative stress is involved in atrial electrical remodeling caused
by hyperuricemia, and XO inhibition can reduce oxidative stress
and ameliorate atrial electrical remodeling.
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The Role of Inflammation on the Progress
of Elevated UA Induced-AF

Systemic inflammation, in particular, has been connected to
endocardial inflammation of the endothelium, as well as atrial
remodeling (47). Experimental animal models and human
studies have verified that several major signaling pathways,
including the renin-angiotensin system and inflammation,
are involved in AF (48). Earlier evidence documented that
hyperuricemia is responsible, at least in part, for the increased
cytokine production. For example, Netea et al. explored
the role of hyperuricemia in increased cytokine production
after lipopolysaccharide challenge in neutropenic mice, and
hyperuricemia induced by repeated administrations of uric acid
in normal mice led to an increased TNF production after
lipopolysaccharide (49). In general, an increase in cytokine is an
indicator of systemic inflammation. In 2016, Chen et al. found
that a combination of Na™ and UA can trigger an overproduction
of TNE, IL-1, IL-6, and KC (50). In addition, some cytokine was
reported to participate in the process of electrical and structural
remolding of the heart, such as TNFa (51), and IL-1f (52).

In response to oxidative stress, activation of the inflammation
signaling pathway NF-KB is reported to have direct effects on ion
channel promoter regions, transcription factor expression levels,
or mRNA splicing, which are responsible for the occurrence
of AF. Acting on cultured tubular epithelial cells through the
UA transporters, UA activates NF-KB signaling pathways and
induces the expression of inflammatory factors and chemokines,
including TNF-a, MCP-1, and RANTES (53). Moreover, UA
activates the transcription factors nuclear factor-kappaB and
activator protein-1, as well as the MAPK signaling molecules
ERK p44/42 and p38, and increased cyclooxygenase-2 (COX-2)
mRNA expression (24). Notably, UA-induced MCP-1 expression
at 24h was suppressed following the inhibition of p38, ERK
44/42, or COX-2, implicating these pathways in response to
UA. Also, the ability of both diphenyleneionium (antioxidants)
and n-acetyl-cysteine to obstruct UA-induced MCP-1 production
suggested the involvement of intracellular redox pathways.
Therefore, it is worthy to conclude that UA regulates critical
proinflammatory pathways.

The effects of UA on human umbilical vein endothelial cells
(HUVEC) and human vascular smooth muscle cells have been
reported to produce a certain degree of vascular inflammation
and vascular remodeling, mainly in the up-regulation of the
expression of C-reactive protein, one of the independent risk
factors for cardiovascular diseases and an important marker
of inflammation (54). Another study showed that soluble
UA, at physiologic concentrations, has profound effects on
human vascular cells. The study reported that UA alters the
proliferation/migration and NO release of human vascular cells,
mediated by the expression of CRP (23). This suggests UA
induced inflammation cause vascular dysfunction.

When UA stimulates endothelial cells, it induces the
acetylation of an intracellular high-mobility group box-1 protein
(HMGB1) through calcium mobilization and MERK/ERK
pathway. A study that involved treatment of HUVEC with UA
resulted in increased HMGB1 mRNA expression and acetylation
of nuclear HMGBI (55). UA after ischemia-reperfusion injury

mediates the acetylation and release of HMGBI from endothelial
cells by the MEK/Erk pathway, calcium mobilization, and
activation of Toll-like receptor-4. Once released, HMGBI per
se promotes its cellular release and acts as an autocrine and
paracrine to activate both proinflammatory and pro-reparative
mediators (16). Besides, UA has the ability to stimulate pro-
inflammatory effect in vascular smooth muscle cells to produce
MCP-1 at transcriptional levels and protein expressions. Also, UA
could cause necrosis of human mesangial cells at an ecological
concentration, but UA could increase significantly at 8 mg/dl
concentration and then increase the expression of COX-2 and
PGE-2 to promote inflammation (25).

The Role of Fibrosis on the Process of
Elevated UA-Induced AF

Atrial fibrosis produces heterogeneous pathways of slow
conduction and atrial dilatation. In male adult Sprague Dawley
rats, abnormal morphology of atrial myocytes, apoptosis, and
atrial fibrosis were observed in hyperuricemic rats compared to
the control. The study demonstrated that apoptosis and fibrosis
of atria were partly mediated by B-cell lymphoma 2-extra-large
(Bax), caspase-3, a-smooth muscle actin, and TGF-B1. Also, the
study reported that uric acid significantly induced primary rat
cardiomyocyte apoptosis and fibrosis in vitro and AF induced
by hyperuricemic rats occurred primarily via induction of atrial
remodeling (56). Also, another study supports that UA can
induce cell proliferation and endothelin-1 gene expression in rats
with myocardial fibroblasts. Notably, the researchers were able to
reverse the myocardial fibroblasts by increasing NADPH oxidase
activity, ROS generation, ERK phosphorylation, and activator
protein-1(AP-1)-mediated replacement activity (21). Thus, UA
plays an important role in the pathogenesis of cardiac fibroblasts.
Other researchers who were used the OA to create a mild hyper
UA model in vivo, after a low-salt diet in the mice, found the
shortened diameter of the arterioles in the hyperuricemia group
and a significant increase in blood pressure (57). Likewise, some
researchers reported an increase in cardiac afterload, interstitial
fibrosis, and collagen deposition in the hyperuricemia mice
compared with those in the control group (58). Importantly,
another study draws a similar conclusion in mice fed a Western
diet. In assessing the role of Western diet-induced increases in
uric acid, the researchers found that increased cardiomyocyte
hypertrophy, interstitial fibrosis, myocardial oxidative stress, and
impaired diastolic relaxation. Further, the Western diet enhanced
the profibrotic transforming growth factor-p1/Smad2/3 signaling
pathway, activation of the S6 kinase-1 growth pathway,
and macrophage proinflammatory polarization. Importantly,
all these Western diet-induced pathophysiological alterations
were improved with allopurinol treatment (59). These results
suggest increased production of UA promotes cardiomyocyte
hypertrophy, oxidative stress, and inflammation that result in
myocardial fibrosis and associated impaired diastolic relaxation.

The Role of Apoptosis and Immunity on the
Progress of the AF

A significant association has been reported between UA and
cell apoptosis. Of note, Bcl2 family proteins are key regulators
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of apoptosis cell death. An experimental study suggested a
high concentration of UA downregulates B-cell lymphoma
2 (Bcl-2) expression in pancreatic B-cells (17). This could
substantially lead to the imbalance of Bax/Bcl-2. In another
recent experimental study, Yan et al. demonstrated, uric acid
induces cardiomyocyte apoptosis via activation of calpain-1 and
endoplasmic reticulum stress (ERS) (60). The study extended that
Calpain-1 expression was significantly increased after oxonic acid
(OA) gavage administration for 16 weeks and p-PERK, GRP7S,
and CHOP expression was increased in H9¢2 cardiomyocytes,
suggesting hyperuricemia induced ERS activation. Another study
demonstrated that elevated UA promoted ROS-induced tubular
cell apoptosis by upregulating Nox4 expression in HK-2 cells
that were used as a human proximal tubular cell model. The
results of the study showed that treatment with UA reduced
HK-2 cell viability and enhanced apoptosis in a dose-dependent
manner. This was consistent with Nox4 upregulation as well as
ROS overproduction, which resulted in Bax/Bcl-2 imbalance in
HK-2 cells. Interestingly, inhibition of Nox4 with DPI prevented
UA-induced cell apoptosis (14). Therefore, UA may involve in
atrial fibrosis induced AF.

Immune cells may play a vital role in the immunological
pathogenesis of AF (61), and UA has been identified as one of the
endogenous adjuvants that can augment immune responses to
particulate antigens (62). UA alerts the immune system to dying
cells by stimulating dendritic cell maturation and activation (63).
The study demonstrated that UA increases the expression of
dendritic cell maturation markers, including CD80 and CD86.
Also, Webb et al. demonstrated that UA can directly activate
T-cells in the absence of antigen presentation (64). UA release
leads to antigen-independent T-cell stimulation and provides
an adjuvant effect for autoantigens released from apoptotic
cells. It is reported, UA could lower the threshold for T-cell
activation and potentially facilitate the break of peripheral T-
cell tolerance (64). When UA stimulates endothelial cells, it
activates toll receptor four, which eventually leads to increased
expression and secretion of angiotensin II and stimulation of
NEF-kB inflammatory channels (16).

CLINICAL EVIDENCE: HYPERURICEMIA
AND ATRIAL FIBRILLATION

Epidemiological evidence suggests that the prevalence of
hyperuricemia and AF are on the rise in many corners of the
world. According to a community-based study that involved the
elderly population, high UA population (SUA > 416 pumol/L
in men and >357 pmol/L in women) had a higher risk of AF
(OR: 2.080, 95% CI: 1.103-4.202; P < 0.001) (65). A single
centered observational study by Mantovani et al. also concluded
that hyperuricemia is independently associated with increased
prevalence of AF [odds ratio (OR): 3.41, 95 % confidence interval
(CI): 2.19-5.32; p < 0.001] in patients with type 2 diabetes after
adjusted for multiple confounding factors (66). Also, a cohort
study from Taiwan reported similar findings (67). Over a mean
follow-up of 6.3 years, Chao et al. reported that individuals with
a history of one or more episodes of gouty arthritis had a higher

risk of AF (2.1 vs. 1.7% in controls, P < 0.001), even after
adjustment for age and gender (67). Another study also showed
a positive and independent association between UA and AF in
coronary heart disease (CHD) events complicated with chronic
comorbidity (68). This evidence from the epidemiological studies
may explain the tremendous influence of the chronic disease
comorbidity in the association between hyperuricemia and AF.
Table 2 summarizes related studies regarding the elevated UA
and risk of AF.

Different treatment modalities have shown different results. A
cohort study tested the use of allopurinol and the risk of atrial
fibrillation in the elderly in 8,569 beneficiaries using Medicare
data. After adjustment for age, sex, race, Charlson-Romano
comorbidity index, and use of statins, diuretics, ACE inhibitors,
and B-blockers, the use of allopurinol for 6 months or more
was associated with a reduced risk of incident AF in the elderly
(HR: 0.83; 95% CI: 0.74-0.93) (75). On the other hand, a meta-
analysis of two retrospectives and two prospective cohort studies
showed that elevated UA was not associated with an increased
risk of AF recurrence after catheter ablation (76). However, the
meta-analysis was criticized for large heterogeneity regarding AF
type, ablation technique, and follow-up duration. Also, the meta-
analysis included a small number of studies. In summary, clinical
and epidemiological evidence showed that gender, aging of the
population, CVD comorbidity, and allopurinol drugs seem to
affect the prevalence of AF.

Colchicine, an anti-inflammatory drug that is used for a wide
range of inflammatory diseases also associated with decreasing
AF risk. A meta-analysis that included 17 prospective controlled
randomized studies with 2082 patients that received colchicine
and 1982 controls with an average follow-up duration of
12 months reported that treatment with colchicine reduced
the recurrence of atrial fibrillation significantly in patients
after cardiac surgery or pulmonary vein isolation (OR: 0.54,
95% CI: 0.41-0.7; P = 0.001) (77). However, a double-blind,
placebo-controlled, randomized clinical trial among 360 patients
undergoing cardiac surgery indicated that perioperative use of
colchicine compared with placebo reduced the incidence of the
postpericardiotomy syndrome but not of postoperative AF or
postoperative pericardial/pleural effusion (78). Further RCTs are
required to determine if AF events are lowered with colchicine.

Relationship Between Uric Acid Level and
Atrial Fibrillation

Several studies have demonstrated the association between
hyperuricemia and the development of AF. These studies that
show a clear association between hyperuricemia and AF raise
the question: how much elevation in UA concentration will
significantly increase the risk of AF? Kuwabara et al. found
that UA concentration was significantly higher in patients with
AF than in non-AF (OR: 2.75; 95% CI: 1.22-1.50; P < 0.05)
after adjusting for traditional risk factors such as hypertension,
diabetes, nephropathy, and lipid metabolism disorders (70).
And the incidence of AF increases when UA levels reach a
certain limit. For instance, the first dose-response meta-analysis
regarding the relationship between elevated UA concentration
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TABLE 2 | The impact of hyperuricemia on the risk of atrial fibrillation.

References Study design Research population Number of Number of Main finding
patients with AF population
Sun et al. (69) Cross-sectional People from rural 139 11,956 Hyperuricemia is closely related to the increased
regions prevalence of AF with the OR of 1.94

Mantovani et al. (66)  Cross-sectional T2DM inpatients 91 867 T2DM patients with hyperuricemia had a greater
likelihood to have AF than patients with normal
uric acid level (OR: 3.41)

Kuwabara et al. (70)  Randomized control ~ General population 291 90,143 AF groups (OR: 1.35) have an significantly higher
SUA level and hyperuricemia (OR: 1.73) was a
significantly independent competing risk factor for
AF

Liu et al. (61) Cross-sectional General population 55 1,056 Hyperuricemia (OR: 1.69) was an independent
predictor for left atrial thrombus/spontaneous
echo contrast in non-valvular AF patients

Linetal. (71) Cross-sectional Residents of 144 11,488 Elevated SUA level (OR: 2.19) is independently

community with the increased risk of AF

Zhang et al. (11) Cohort Individuals 6,831 527,908 The highest (HR:1.9) and the intermediate level
(1.36) of UA significantly increase the risk of AF
after adjusted for traditional risk factors

Lietal (10) Cohort General population 871 128,238 High SUA level (HR:1.91) and the augment in SUA
increases the occurrence of AF

Kawasoe et al. (72) Cohort General population 647 111,566 High level of baseline SUA (HR:1.74) was closely
related with a higher incidence of AF in women.

Hong et al. (73) Mendelian Random Inpatients 633 4,166 Hyperuricemia gene rs1165196 (OR: 0.21) was
causally associated with AF

Zhang et al. (74) Meta-analysis General population N/A 426,159 Hyperuricemia (RR: 1.49) was significantly

associated with increased risk of AF

T2DM, Type 2 diabetes; AF, Atrial fibrillation; SUA, serum uric acid; CHD, Coronary heart disease; OR, odds ratio;, HR, hazard ratio; RR, relative risk.

and the incidence of AF reported that both the uppermost
[Relative risk (RR): 1.9, 95% CI: 1.64-2.23; I> = 0%] and medial
(RR: 1.36, 95% CI: 1.16-1.59; I? = 36%) level of serum UA were
associated with increased risks of AF in comparison to patients
with the lowest level of serum UA (79). The Kailuan cohort study
has also reported similar findings. After repeated measurements
of UA concentrations, patients with high levels of both serum UA
had a substantially higher risk of AF. Most importantly, the study
has denoted that the first rise in UA concentration is sufficient
to increase the risk of AF in both men and women (male UA
baseline level was >6.5 mg/dL, and female UA baseline level was
>4.9 mg/dL) (10). This evidence is sufficient that hyperuricemia
is associated with an increased risk of AF in patients with or
without other chronic conditions.

Previous studies reported a positive association between UA
levels and left atrial diameter in patients with hypertension.
A study that included 451 hypertensive patients demonstrated
an independent association between increased serum UA levels
and AF (80). Also, a single centered retrospective data from
Northeast China showed that SUA levels and left atrial diameter
(LAD) were associated with AF in patients with hypertension,
and the risk of AF associated with LAD increases among those
with hyperuricemia (Hidru et al.). It should be noted that
enlarged left atrial diameter is a conventional marker of atrial
structural remodeling (81). Therefore, UA may participate in the
pathophysiology of AF in patients with hypertension.

UA is an independent risk factor for MetS (82) and patients
with MetS are considered to be at a higher risk of developing

AF (83). A prospective, observational study that enrolled 843 AF
patients (mean age, 62.5 £ 12.1 years, 38.6% female) without
overt coronary artery disease reported a significant risk of major
adverse cardiovascular events, including myocardial infarction,
coronary revascularization, and cardiac death (84). The study
suggested that the prevention and treatment of MetS may reduce
the burden of non-thromboembolic complications in AF. Since
AF often associates with diabetes, hypertension, and obesity,
it is possible that convergence of multiple risk factors could
potentiate AF risk. As such, understanding the link among
MetS, UA, AFE, and non-thromboembolic MACE is imperative
for investigating the possible mechanism and devising effective
preventive strategies.

The Effect of Gender in the Link Between
Uric Acid and Atrial Fibrillation

The reports on the effect of hyperuricemia on AF incidence have
tremendous discrepancies. Epidemiological evidence suggested
that hyperuricemia was more prevalent in males than females
(7.9 vs. 4.9%) (85). Similarly, a cross-sectional study in three
rural regions of China revealed a positive relationship between
hyperuricemia and AF in men, but not in women (86). In
contrast, a recent large cross-sectional study that includes urban
and rural residents revealed a significant association between
high UA levels and the prevalence of AF, especially in females
(10). Also, a survey of healthy adults found that hyperuricemia
is broadly correlated to the occurrence of cardiovascular diseases
in females (87). And earlier in 2012, a Japanese study of 7,155
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patients reported that hyperuricemia significantly increased the
prevalence of crude AF, but after adjusting for all cardiovascular
risk factors, such independent correlations were only confirmed
in women (OR: 1.888, 95% CI: 1.278-2.790; P < 0.05) but not in
men (OR: 1.176, 95% CI: 0.935-1.478; P > 0.05) (88). Similarly,
prospective follow-up studies confirmed that women with high
UA are more likely to develop AF (89), although the number
of women with high UA is much lower than that of men (90).
Recently, a large prospective study of 15,737 participants (52%
women), tested the established and novel risk factors for atrial
fibrillation in women compared with men, over 20 years follow-
up. Women showed a stronger relationship between UA and
AF (91).

The Causal Relationship Between UA and
AF

Ample evidence is available from a large number of clinical
studies to reach a consensus that hyperuricemia is an
independent risk factor for AF. However, whether UA causes
AF required explicit evidence. A human study has confirmed
the association between UA and concentration levels of
cytokine including C-reactive protein (CRP), IL-6, and TNF-
a and IL-1B, especially in women (26). This evidence explains
that UA induced inflammation involve pathophysiological
alteration either directly or indirectly. A previous Mendelian
randomization analysis indicated that a genetic causal relation
between elevated UA level and adverse cardiovascular outcomes,
such as sudden cardiac death (92). Hong et al. designed a genomic
study on the susceptibility of AF associated with UA using 9
selected single nucleotide polymorphism (SNPs) and found that
the SNP rs1165196 on SLC17A1 (F-statistics = 208.34, 0.18
mg/mL per allele change; P < 0.001) and weighted genetic
risk score (WGRS) (F-statistics = 222.26, 0.20 mg/mL per 1 SD
change; P < 0.001) were significantly associated with increased
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