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REVIEW

Hyperuricemia as a Risk Factor for Atrial Fibrillation Due to
Soluble and Crystalized Uric Acid

Fikri Taufiq, MD; Peili Li, MD, PhD; Junichiro Miake, MD, PhD; Ichiro Hisatome, MD, PhD

Among the several independent risk factors for atrial fibrillation (AF), hyperuricemia has been widely accepted as associated with
the incidence of paroxysmal or persistent AF, as well as with the risk of AF in patients undergoing cardiovascular surgery. The
electrophysiological mechanism of AF involves electrical remodeling of the arrhythmogenic substrate and abnormal automaticity as
trigger. Both electrical and structural remodeling mediated by oxidative stress derived from either xanthine oxidoreductase (XOR),
soluble uric acid (UA) or monosodium urate (MSU) crystals might be plausible explanations for the association of AF with hyperuricemia.
XOR generates reactive oxygen species (ROS) that lead to atrial structural remodeling via inflammation. Soluble UA accumulates
intracellularly through UA transporters (UAT), shortening the atrial action potential via enhanced expression and activity of Kv1.5
channel proteins. Intracellular accumulation of soluble UA generates ROS in atrial myocytes via nicotinamide adenine dinucleotide
phosphate oxidase, which phosphorylates ERK/Akt and heat shock factor 1 (HSF1), thereby increasing transcription and translation
of Hsp70, which stabilizes Kv1.5. In macrophages, MSU activates the NLRP3 inflammasome and proteolytic processing mediated
by caspase-1 with enhanced interleukin (IL)-18 and IL-18 secretion. Use of an XOR inhibitor, antioxidants, a UAT inhibitor such as
a uricosuric agent, and an NLRP3 inflammasome inhibitor, might become a potential strategy to reduce the risk of hyperuricemia-
induced AF, and control serum UA level.
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rhythmia characterized by uncoordinated atrial

electrical activation. AF is the most common
cardiac rhythm abnormality, affecting approximately 33.5
million people worldwide. The high prevalence of AF is
probably due to a combination of risk factors such as aging,
chronic kidney disease (CKD) or chronic heart disease, and
to more frequent diagnosis by way of enhanced monitoring
devices.I#

The prevalence of AF is expected to account for an
increasing clinical and public health burden.> Many epide-
miological studies have reported that AF is associated with
risk factors such as advanced age, male sex, hypertension,
heart failure (HF), coronary artery disease, CKD, sleep
apnea, and metabolic factors such as obesity and diabetes
mellitus.® Although the pathophysiology underlying AF is
not well understood, oxidative stress and inflammation are
the most likely contributing factors to AF development.

Uric acid (UA) is the end product of purine catabolism
in humans. Serum UA (SUA) concentration is significantly

s_ trial fibrillation (AF) is a supraventricular tachyar-

higher in humans compared with in other mammals due to
loss of uricase activity.” Hyperuricemia is defined as serum
urate >7.0mg/dL, regardless of sex and age.® Hyperuricemia
is usually caused by alterations in the balance between UA
synthesis and urinary excretion, although it is predomi-
nantly due to impaired renal excretion of urate.® Hyperuri-
cemia is an independent risk factor for gout arthritis as
well as for nephrolithiasis.> "' SUA >6mg/dL has been
reported to contribute to kidney dysfunction.!?

Among the several independent risk factors for AF,
hyperuricemia has been widely accepted as associated with
the incidence of paroxysmal or persistent AF, as well as
with the risk of AF in patients who have undergone cardio-
vascular surgery. In the present review, we explain the
clinical relevance of hyperuricemia and gout to AF and the
electrophysiological and molecular mechanisms of AF
underlying the correlation of hyperuricemia with AF.
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Clinical Significance of Hyperuricemia
and SUA in AF

Hyperuricemia is significantly associated with AF.13.14
Hyperuricemia plays a pivotal role as an independent com-
peting risk factor of AF in apparently healthy people both
with and without competing diseases such as hypertension,
diabetes mellitus, dyslipidemia, and CKD.!3 Other studies
also reported a correlation between hyperuricemia and AF
under several clinical conditions such as hypertension, type
2 diabetes mellitus, cardiovascular disease, hemodialysis,
HF, and cardiac events.!s

SUA level also contributes to AF, and patients with
elevated SUA frequently develop AF.1® SUA in men is
higher than in women before menopause, although SUA
in women increases after menopause. Baseline SUA is
associated with an increased risk of future AF in both sexes.
Given that the occurrence of AF increases with age in both
genders, the fact that SUA in women increases with age
may account for the higher risk of AF observed in women
than in men.!-3

Many studies have established a positive correlation
between SUA concentration and AF. A prospective cohort
study of 123,238 Chinese patients enrolled from 2006 to
2014 found that high SUA concentration and increases in
SUA over time were associated with an increased risk of
AF.16 Furthermore, in another cohort study, gout as a
consequence of hyperuricemia was associated with a
modestly increased risk of AF.17

Electrophysiological Mechanism
and Triggers of AF

The electrophysiological mechanism of AF consists of
electrical remodeling and abnormal automaticity.

Electrical remodeling of the atrium generates the arrhyth-
mogenic substrate. The properties of transition from parox-
ysmal AF to sustainable AF are explained by shortening
of atrial refractory periods and cycle length, that is, “AF
begets AF”.18.19 Repeated excitation physiologically shortens
the effective refractory period via intracellular Ca2* over-
loading, which is followed by progressive pathological
shortening of the cardiac refractory period through down-
regulation of Ca?* currents and upregulation of inward-
rectifier K* currents.202! Also, the decrease in Na* currents
and T currents results in shortening of the refractory period
and reduction of conduction velocity.

The trigger of AF occurs by abnormal automaticity from
atrial myocytes or pulmonary veins (PV). Atrial automa-
ticity could be attributable to impaired regulation of intra-
cellular Ca?* concentration ([Ca?*])). Impaired [Ca?*]i
induces Ca?* leak from the sarcoplasmic reticulum (SR)
during the diastolic phase. Under AF conditions, Ca2*-
handling proteins are hyperphosphorylated to increase
[Ca?*]i. This induces spontaneous Ca?* release from SR
and the increase of inward currents on the cell membrane
via activation of the Na*/Ca?* exchanger to exclude Ca?*,
causing delayed after-depolarization?2-26 associated with
triggered activity, thereby facilitating the development of
AF .27 Moreover, automaticity through triggered activity in
PV becomes a trigger for AF, which sustains the reentry
circuit in the boundary between PV and atrial muscles.?8?

Molecular Mechanism of AF Associated
With Hyperuricemia

Several pathophysiological theories concerning AF induced
by UA have been proposed, such as, that elevated SUA
concentration may contribute to the pathophysiology of
AF via either activation of xanthine oxidoreductase (XOR),
intracellular accumulation of soluble UA, or activation of
the NLRP3 inflammasome induced by monosodium urate
(MSU) crystals.

Oxidative Stress Due to Xanthine Oxidase

XOR is a key enzyme that converts UA precursors into
UA. In contrast, XOR can also be a source of reactive
oxygen species (ROS). The role of XOR in the pathogenesis
of AF has been investigated in several studies.

02~ production is enhanced in both the left atrium (LA)
and LA appendage (LAA) of patients with AF. Increased
activities of both NAD(P)H oxidase and XOR in the LAA
contribute to Oz~ production. This increase in Oz~ and its
reactive metabolites may exacerbate the pathological
consequences of AF, including thrombosis, inflammation,
and tissue remodeling.3® In an in vivo study in dogs, the
XOR inhibitor allopurinol prevented AF by atrial pacing-
induced left ventricular dysfunction. Treatment with allo-
purinol for 1 week reduced atrial vulnerability by inhibiting
both electrical and structural atrial remodeling.3!

The relationship between hyperuricemia and changes in
cardiac structure has been investigated in mice. The increase
in SUA after 16 weeks on a Western diet was accompanied
by an increase in XOR activity in cardiac tissue, which
showed cardiomyocyte hypertrophy, myocardial oxidative
stress, interstitial fibrosis and impaired diastolic relaxation,
through activation of the S6 kinase-1 growth pathway,
the profibrotic TGF-$1/Smad2/3 signaling pathway, and
macrophage pro-inflammatory polarization. Those findings
improved after allopurinol treatment.3? XOR has been
shown to play a pivotal role in the generation of superoxide
free radicals in the human atria as well.3334 Taken together,
XOR may produce both UA and ROS, contributing to
AF, although, so far, there has been no prospective clinical
trial to test whether XOR inhibitors could prevent the onset
of AF.

Intracellular Accumulation of UA by UA Transporters

There is growing experimental evidence that intracellular
UA activates particular pathways to cause pathological
changes in several types of cells, and that UA transporters
(UAT) are involved in the intracellular accumulation of
UA.

While UAT in renal proximal tubular cells play a pivotal
role in the regulation of serum urate level, UAT are
expressed not only in renal tubular cells, but also in vascular
smooth muscle cells, endothelial cells, adipocytes and
pancreatic f-cells.”

Mouse atrial myocytes were found to express at least 4
UAT: URATvI/GLUT9, ABCG2, MRP4 and MCT9, as
confirmed in human embryonic stem cell-derived cardio-
myocytes.3 Maharani et al observed that UA could stabilize
and increase Kv1.5 channel proteins, resulting in increases
of the ultra-rapid delayed-rectifier current (/kur) with
shortening of the atrial action potential through UAT in
mouse atrial myocytes (HL-1 cells; Figure 1).35 Inhibition
of UA-influx UAT by benzbromarone attenuated UA-
induced enhancement of Kv1.5 protein expression through
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Figure 1. Schematic representation of the mechanisms
underlying uric acid-induced enhancement of the Kv1.5
channel protein and function. Accumulation of intracellular
uric acid through UAT (URATv1) induces nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase-dependent reactive
oxygen species (ROS) production to increase Kv1.5. APD,
action potential duration; ERK, extracellular signal-regulated
kinase; MAPK, mitogen-activated protein kinase; UAT, uric
acid transporters.

a decrease of intracellular UA. In contrast, inhibition of
UA-efflux transporter ABCG2 by KOI143 to increase
intracellular UA concentration accelerated the UA-induced
enhancement of Kv1.5 protein expression. The accumulated
intracellular UA caused damage to the cells via an increase
of oxidative stress and activation of the ERK 1/2 pathway.3s
This effect was oxidative stress dependent, given that the
enhancement of Kvl.5 protein expression by UA was
abolished by the antioxidant N-acetylcysteine and the
NADPH-oxidase inhibitor apocynin, suggesting that an
antioxidant may be a novel therapeutic approach against
AF in hyperuricemic patients.

Activation of Heat Shock Proteins by Intracellular UA
Accumulation

Recently, a novel mechanism for UA-induced enhancement
of Kvl.5 through UAT was reported.353¢ Under stress
conditions, heat shock protein 70 (Hsp70) prevents mis-
folding and aggregation of a protein whose expression is
regulated by the transcription factor heat shock factor 1
(HSF1). The Hsp70 protein quality control machinery
plays pivotal roles in appropriate protein folding, disposal
of misfolded proteins and regulation of protein degradation.
Activation of HSF1 by phosphorylation and subsequent
trimerization and the resultant increase of Hsp70 are critical
events by which cells overcome stress and reduce the
potential for damage.3”-3® Kv1.5 protein belongs to short-
lived proteins whose half-life is regulated by ubiquitin-
proteasome systems.3*4 HSF1 and Hsp70 regulate the
expression of Kv1.5, given that HSF1 increases not only
SAP97, an anchoring protein of Kv1.5,4 but also Hsp70,
prolonging the half-life of Kv1.5 proteins to enhance Kv1.5
channel currents via increasing the channel density on the
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Figure 2. Schematic diagram of possible mechanisms for
the uric acid-induced stabilization of Kv1.5 proteins and
enhancement of the ultra-rapid delayed-rectifier current (fkur).
AKT, protein kinase B; HSF1-S326, Ser 326 at heat shock
factor 1; Hsp70, heat shock protein 70; Kv1.5 protein-ub,
ubiquitinated Kv1.5 protein; ®, Phosphorylated; URATV1, an
influx uric acid transporter. Adapted with permission from

Taufig F, et al.36

cell membrane.® Taufiq et al found that intracellular accu-
mulation of UA through UAT increased Kvl.5 proteins
through stabilization of Kv1.5 protein without changes in
Kv1.5 mRNA 3 Taufiq et al investigated the mechanism
of UA-induced enhancement of the expression of Kvl.5
and demonstrated that intracellular accumulation of UA
facilitated phosphorylation of Akt and HSF1 to increase
Hsp70, which prolonged the half-life of Kv1.5 proteins.3¢
UA-induced facilitation of Akt phosphorylation could
enhance expression and phosphorylation of the HSP family
to stabilize Kv1.5 proteins, as shown in Figure 2. HSF1 is
activated by oxidative stress;* activation of HSFI by
oxidative stress enhances the expression of HSP.#45 We
previously reported that activation of HSF1 stabilized
Kv1.5 proteins via an increased expression of the anchoring
protein SAP97.41 Whether UA increases SAP97 through
phosphorylation of HSF1 should be examined in a future
study. Given that UA-induced atrial action potential
shortening could facilitate the development of re-entry
circuits in the atrium, hyperuricemia may cause atrial
arrhythmias including AF. Recently, we reported that
hyperuricemia is an independent competing risk factor for
AF,13 which may support the present result suggesting that
UA could facilitate the occurrence of reentrant arrhythmias
in the atrium. Although further prospective intervention
studies are needed to prove whether lowering SUA is effective
for preventing AF, inhibition of UAT to lower intracellular
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UA may become a novel therapeutic approach against AF
in hyperuricemic patients.

NLRP3 Inflammasome Triggered by MSU Crystals
Inflammation plays an important role in inducing and
perpetuating AF according to various experimental, epide-
miological and cohort observational studies.* AF is
associated with elevation of the plasma level of several
inflammation markers, such as interleukin-15 (IL-1p),
tumor necrosis factor-a (TNF-a) and C-reactive protein
(CRP).# NLRP3 inflammasome is a multi-proteins complex
composed of NLRP3, ASC and pro-caspase-1. Once the
three of them assemble, inflammasome triggers formation
of bioactive caspase-1, which promotes maturation of
the active forms of IL-18 and IL-18.4® Macrophages and
myoblasts secrete these cytokines as components of the
inflammatory response.#’

Although elevation of SUA >7mg/dL induces the depo-
sition of MSU, MSU directly activates NLRP3 inflamma-
some. MSU engages caspase-1 via activation of the NLRP3
inflammasome, resulting in the production of IL-1§ and
IL-18 in the human monocytic cell line THP1. Macrophages
obtained from mice deficient in either capase-1, ASC or
NLRP?3 failed to enhance IL-1 secretion induced by MSU.
In an inflammasome-deficient mice model, neutrophil influx
induced by MSU was markedly impaired. Moreover,
colchicine, a drug able to prevent the initial inflammatory
phase of gout, blocks maturation of IL-15 induced by
MSU.# Except for innate immune cells, NLRP3 inflam-
masome has been identified in the atrium as a casual factor
in the etiology of AF. NLRP3 inflammasome activity was
increased in the atrial cardiomyocytes of patients with
paroxysmal AF and chronic AF.3 Levels of NLRP3, ASC
and active capase-1 in the right atrium were elevated in
patients with persistent AF. In a cardiomyocyte-specific
knock-in mouse model expressing constitutively active
NLRP3, spontaneous premature atrial contraction and
inducible AF developed. MCC950, a selective NLRP3
inflammasome inhibitor, which interrupts assembly of the
NLRP3 inflammasome complex, attenuated the induction
of AF. Cardiomyocyte-specific activation of NLRP3 inflam-
masome promotes atrial electrical and structure remodeling,
exhibiting abnormal Ca?* release from the SR, atrial
effective refractory period shortening, and atrial hypertrophy.
In contrast, cardiomyocyte-specific knockdown of NLRP3
suppressed AF induction, and restored normal mRNA
levels of Ryr2, Kcna5, Girkl and Girk4. This evidence
clearly demonstrates that MSU activates NLRP3 inflam-
masome, which is a causal link to AF pathophysiology.

Other cytokines, CRP and TNF-«, have been implicated
in the cell signaling activation patterns associated with
fibrosis, apoptosis and hypertrophy. The level of TNF-«,
an inflammatory mediator, was significantly increased in
patients with diastolic HF and a history of AF in a
community-based HF cohort.5! TNF-« altered the expres-
sion or distribution of connexin 40 and connexin 4352 and
directly altered Ca?* handling in cardiomyocytes. TNF-a
was also found to increase cardiomyocyte apoptosis and
myolisis, resulting in atrial dilatation and conduction
heterogeneity.5? The circulating level of CRP is higher in
patients with AF compared with those without an AF
history. Patients with persistent AF have higher CRP than
those with paroxysmal AF.5

Conclusions

Hyperuricemia may cause AF either via activation of XOR,
intracellular accumulation of soluble UA, or activation of
the NLRP3 inflammasome induced by MSU crystals. Thus,
use of an XOR inhibitor, antioxidants, a UAT inhibitor
such as a uricosuric agent, and inflammasome inhibitors
might be a potential strategy to reduce the risk of hyper-
uricemia-induced AF, and control SUA level.
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