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This review opens a two-part series by exploring the evolutionary origins, vascular implications, renal patho-
physiology, and prognosis related to serum uric acid (SUA). We begin by examining the ancestral loss of uricase
in hominoids, which conferred elevated SUA—initially advantageous for sodium retention and antioxidant de-

Cardiovascular disease fense, yet maladaptive in today’s purine- and fructose-abundant diet. UA thus re-emerges as a biologically active

Renal disease

Hyperuricemia
Inflammation

molecule, exhibiting both protective antioxidant effects and harmful pro-inflammatory actions.
We then delineate SUA’s vascular effects: it drives oxidative stress, endothelial dysfunction, and metabolic

signaling disruption, magnified in chronic kidney disease (CKD) by impaired clearance and systemic inflam-
mation. Elevated SUA is independently linked to renal function decline, as shown in prospective cohorts across

diverse populations.

We also evaluate urate-lowering therapies (ULT), discussing mixed evidence of benefit on kidney outcomes
and emphasizing the need for more precise risk targeting. Finally, we outline strong associations between hy-
peruricemia and increased all-cause and cardiovascular mortality, particularly in high-risk groups (CKD, heart

failure, diabetes, gout).

Taken together, this first installment highlights the importance of stratified treatment strategies in hyper-
uricemia, suggesting that future trials should focus on interventions tailored to specific clinical phenotypes,
avoiding unnecessary UA reduction in low-risk populations.

1. Uric acid: an evolutionary legacy with dual implications

Uric acid (UA), the terminal product of purine catabolism in humans,
arises from both endogenous nucleic acid turnover and exogenous
sources—particularly diets rich in animal protein and fructose. While
hepatic xanthine oxidoreductase (XOR) is the main enzyme involved in
UA generation, other tissues, including the intestines, kidneys, muscles,
and vascular endothelium, contribute to circulating levels [1-3]. UA is
predominantly confined within peroxisomes and circulates in a disso-
ciated soluble salt form under physiological pH and temperature [4].
When serum levels exceed 6.8 mg/dL—the solubility thresh-
old—monosodium urate (MSU) crystals can form, especially in periph-
eral tissues exposed to lower temperatures or acidic microenvironments.
These crystals can trigger inflammation and clinical manifestations such
as gout [5,6]. Stress, ethanol, hypoxia, and lactic acidosis further favor
crystallization, and recent evidence suggests MSU may induce specific
antibody responses that accelerate aggregation [7].

Unlike most mammals, humans and other hominoids lack uricase,

the enzyme that converts UA into the more soluble allantoin. This
evolutionary loss, dated to ~15 million years ago, has led to chronically
higher serum UA (SUA) levels in humans [8,9]. It is believed that this
mutation conferred survival benefits in ancient environments by sup-
porting blood pressure regulation and energy storage—traits now mal-
adaptive in the context of modern high-purine and fructose-rich diets [9,
10]. Today, elevated SUA is a recognized risk factor for hypertension,
obesity, insulin resistance, and cardiovascular disease (CVD). Notably,
populations adhering to traditional lifestyles—like the Yanoma-
mo—maintain much lower SUA levels, similar to uricase-expressing
species [11].

Despite this pathogenic potential, UA also serves protective roles. It
acts as a powerful antioxidant, modulates inflammatory signaling, and
supports endothelial progenitor cell function [12]. Genetic forms of
hypouricemia, such as those involving SLC22A12/URAT1 mutations,
are linked to vascular dysfunction, highlighting the importance of UA
homeostasis [13]. However, persistent hyperuricemia promotes sys-
temic inflammation, activates the renin-angiotensin system, and
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damages the endothelium [12].

Recent single-cell transcriptomic data reveal that distinct tubular cell
subsets are involved in renal urate handling, with minimal overlap be-
tween reabsorptive and secretory pathways [14]. The pathological
impact of UA extends beyond crystallization: MSU crystals activate
pattern recognition receptors (e.g., toll-like receptors) and the NLRP3
inflammasome [15]. In macrophages, MSU also reduces NAD* via CD38,
amplifying inflammation - a process that can be reversed byCD38 in-
hibitors [15]. In endothelial cells, high UA impairs autophagy and ac-
celerates apoptosis, effects attenuated by hydroxychloroquine through
restoration of mitochondrial quality control [16].

Moreover, the method of MSU crystal preparation influences their
inflammatory activity. Crystals generated via alkali titration are more
immunogenic than those formed under neutral or acidic conditions,
providing improved models for studying urate-driven inflammation
[17]. Taken together, these findings underscore UA’s multifaced bio-
logical activity. Its effects -spanning from endothelial dysfunction to
innate immune activation— can be conceptually mapped across the
main physiological systems involved, providing a unifying framework
for understanding its dual role in human health and disease.

2. The vascular face of uric acid: friend, foe, or both?

UA, which has been long regarded as a passive end-product of purine
metabolism, is now recognized as an active participant in vascular pa-
thology. Beyond its classical association with gout, UA exerts a wide
array of effects on the cardiovascular system, involving not only
inflammation but also oxidative stress, endothelial dysfunction, and
structural remodeling of blood vessels—all of which contribute to the
progression of CVD [18].

UA has the capacity to infiltrate vascular smooth muscle cells
(VSMCs), where it promotes hypertrophic changes and stimulates the
expression of pro-inflammatory molecules [19,20]. These cellular
modifications are linked to enhanced arterial stiffness and elevated
systemic blood pressure. In vitro studies support these observations,
showing that UA encourages VSMCs proliferation and activates
signaling pathways that potentiate the effects of the renin-angiotensin
system, thus reinforcing its vasoconstrictive and pro-inflammatory ac-
tions [21].

Among UA’s most critical targets is the vascular endothelium.
Chronic hyperuricemia interferes with endothelial function through
multiple biochemical mechanisms. One of the most detrimental effects
involves impairment of insulin-mediated signaling within endothelial
cells. Specifically, UA disrupts the activation of insulin receptor sub-
strate (IRS) proteins and suppresses downstream PI3K/Akt pathways,
thereby reducing endothelial nitric oxide synthase (eNOS) activity and
lowering nitric oxide (NO) availability [22]. This decline in NO impairs
vasodilation and promotes systemic insulin resistance, establishing a
pathophysiological link between hyperuricemia, endothelial dysfunc-
tion, and metabolic disease [22].

Concurrently, XOR, the enzyme responsible for UA generation,
serves as a significant source of ROS during purine metabolism. Elevated
XOR activity leads to increased oxidative stress, which exacerbates
endothelial injury and inflammation, ultimately contributing to the
pathogenesis of hypertension and atherosclerosis. Inhibiting XOR has
been shown to reduce ROS production and improve vascular function,
positioning it as a promising therapeutic target [23].

The vascular toxicity of UA becomes even more pronounced in pa-
tients with chronic kidney disease (CKD), where impaired clearance
allows UA and other uremic solutes to accumulate. These compounds
collectively activate deleterious signaling pathways—including ROS,
mitogen-activated protein kinases (MAPK), nuclear factor kappa B (NF-
kB), and receptor for advanced glycation end-products (RAGE)—which
promote leukocyte adhesion, endothelial apoptosis, and a pro-
thrombotic phenotype [24]. This context-dependent synergy un-
derscores UA’s role as a co-contributor to vascular damage in
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multisystem disease states.

Emerging concepts such as "vascular gout' have expanded the
traditional understanding of UA’s role in disease. This paradigm sug-
gests that UA, even in its soluble form, can be internalized by endothelial
and smooth muscle cells, altering intracellular metabolic pathways and
epigenetic profiles [18]. These alterations promote a state of chronic
low-grade inflammation and "trained immunity" within innate immune
cells, contributing to persistent vascular injury even in the absence of
crystalline deposits. Supporting this model, urate-lowering ther-
apies—especially when combined with agents like colchicine—have
demonstrated beneficial effects on endothelial function and reduced
rates of major adverse cardiovascular events (MACE) in individuals with
coronary artery disease [18].

Nevertheless, recent findings advise caution in aggressively lowering
UA levels. Clinical trials involving heart failure (HF) patients treated
with XOIs have revealed a non-linear relationship between UA levels
and endothelial function. The best outcomes, assessed via the reactive
hyperemia index (RHI), were observed in individuals with moderate UA
concentrations, while both low and high extremes were associated with
diminished vascular responsiveness [25]. These results imply a U-sha-
ped curve in the association between serum UA and endothelial health,
suggesting that overly aggressive urate reduction could be
counterproductive.

Further evidence of UA’s impact on the vasculature comes from
research in elderly patients with cerebrovascular and metabolic disor-
ders [26]. In these populations—particularly those experiencing acute
ischemic stroke, vascular dementia, or type 2 diabetes mellitus
(T2DM)—changes in markers of endothelial repair (e.g., CD31, CD34,
CD144) and immune dysregulation (notably elevated Th17-like cells)
indicate ongoing microvascular injury and impaired regenerative ca-
pacity [27]. These findings reflect a chronic state of vascular inflam-
mation and endothelial exhaustion. Interestingly, skeletal muscle
appears to play a substantial role in systemic purine turnover and UA
production, while endothelial cells also contribute significantly. There-
fore, therapeutic strategies aimed at restoring endothelial progenitor
cell activity may offer novel means of mitigating UA-related vascular
and neurological damage in these vulnerable individuals [27].

Today, UA should no longer be viewed solely as a metabolic waste
product or a trigger of gout. Instead, it should be considered a multi-
faceted mediator of vascular dysfunction, with roles in promoting
smooth muscle proliferation, altering endothelial insulin signaling,
enhancing oxidative stress, and perpetuating low-grade inflammation.
The recognition of its diverse effects is reshaping therapeutic approaches
to hyperuricemia—not only to prevent gout, but also to address its
systemic vascular consequences. A nuanced and individualized strategy
to modulate UA levels, tailored to the underlying clinical context, ap-
pears essential for improving cardiovascular outcomes in affected
populations.

3. The cardiovascular burden of uric acid

Accumulating evidence implicates SUA as an active contributor to
CVD through multiple pathogenic mechanisms. Elevated SUA levels
have been associated with endothelial dysfunction, oxidative stress,
systemic inflammation, and impaired renal function—all of which are
known to play a critical role in the development of adverse CV outcomes
[28]. Clinically, hyperuricemia exerts deleterious effects across several
target organs, with particularly strong associations observed in coronary
and cerebrovascular pathology.

Although the relationship between SUA and cardiovascular risk has
been extensively investigated [29,30], findings remain partially het-
erogeneous. These discrepancies are often attributed to variations in
study design and insufficient adjustment for confounders, particularly
blood pressure—a variable showing a linear correlation with SUA con-
centrations [31-33]. Nonetheless, large-scale cohort studies have pro-
vided robust data supporting a link between increasing SUA levels and
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heightened cardiovascular risk. Notably, the Rotterdam Study demon-
strated a progressive and linear association between SUA levels and the
incidence of coronary artery disease, myocardial infarction (MI), and
stroke [34]. Importantly, the risk appeared to manifest at SUA thresh-
olds lower than those typically used to define hyperuricemia in the
context of gout, suggesting the need for reevaluation of current clinical
reference ranges.

This hypothesis is further supported by findings from the URRAH
study, which reported that both cardiovascular-specific and all-cause
mortality increased significantly in individuals with SUA values even
below 6.0 mg/dL [35]. Such observations challenge the notion that only
overt hyperuricemia carries clinical significance and underscore the
need to assess SUA as a continuous variable in cardiovascular risk
stratification—particularly in patients with coexisting risk factors.
Similar results have been provided by Tian et al., shoving a progressive
increase in the risk of major cardiovascular diseases in patients with
mildly elevated SUA levels and without any concomitant risk factors
thereby excluding the responsibility of confounding conditions as a
contributor to cardiovascular complications [36].

Mendelian randomization studies have added a genetic dimension to
this association, providing causal evidence for the role of elevated SUA
in coronary artery disease and sudden cardiac death [37]. In parallel, a
comprehensive meta-analysis focused on hypertensive patients demon-
strated that higher SUA levels independently predicted cardiovascular
and all-cause mortality, as well as an increased risk of coronary artery
disease and MACE, although no consistent association with stroke was
observed [38].

Despite these promising associations, the cardiovascular efficacy of
SUA-lowering therapies remains a subject of ongoing debate [39]. A
large meta-analysis involving over 3.8 million patients found that
xanthine oxidase inhibitors (XOIs) did not significantly reduce cardio-
vascular events compared to placebo. However, subgroup analyses
indicated that febuxostat may confer greater benefit in reducing HF risk
relative to allopurinol [40]. Moreover, phenome-wide Mendelian
randomization analyses suggest that genetically lowered SUA levels are
associated with reduced risks of coronary atherosclerosis, HF, cerebro-
vascular occlusion, and peripheral artery disease [41].

In patients with acute HF, longitudinal SUA measurements offer
additional prognostic insight. Persistent elevation of SUA during hos-
pitalization, rather than isolated baseline values, has been indepen-
dently associated with increased cardiovascular and all-cause mortality
[42]. These findings highlight the clinical importance of monitoring
dynamic changes in SUA, particularly in high-risk populations.

Renal function further modulates the prognostic impact of SUA on
CVD. In advanced CKD, both low and high SUA levels have been asso-
ciated with increased CV mortality risk, whereas in patients with only
mild renal impairment, lower SUA values correlate with improved
outcomes [43]. This interaction underscores the need for individualized
therapeutic targets based on renal and cardiovascular profiles [44].
Supporting this, a recent prospective cohort study including over 7000
patients with diabetes found that higher SUA levels were independently
associated with increased risks of all-cause and cardiovascular mortal-
ity, with those in the highest SUA quintile showing a 28 % and 41 %
greater risk respectively compared to the lowest quintile [45].

Taken together, these data support the conceptualization of SUA not
merely as an inert metabolic byproduct, but as a modifiable factor
contributing to the CVD burden. While interventional trials have yet to
definitively establish cardiovascular benefit from SUA-lowering thera-
pies in the general population, emerging evidence suggests potential
utility in select patient subsets. Future studies should aim to identify
optimal SUA targets and clarify sex- and kidney-function-specific risk
thresholds to better guide clinical decision-making.
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4. Rethinking uric acid in chronic kidney disease: from
biomarker to target

Elevated SUA has emerged as an independent predictor of renal
function decline across diverse populations. In healthy normotensive
individuals, higher SUA levels predicted significant reductions in eGFR
over a 5-year period [46]. Longitudinal data from the Jerusalem cohort
further confirmed SUA as a GFR-independent risk factor for both acute
and chronic renal insufficiency [47]. Similarly, in a large Southeast
Asian cohort, hyperuricemia was associated with a nearly twofold in-
crease in the risk of developing reduced kidney function over 12 years
[481.

More recently, a large community-based Japanese study demon-
strated that even slight increases of UA within the normal range were
independently associated with accelerated eGFR decline and higher
incidence of renal insufficiency, with a more pronounced effect among
females and individuals with T2DM or proteinuria [49]. The role of
hypertension as a potential mediator was highlighted by findings
showing stronger associations between elevated SUA and kidney func-
tion decline in hypertensive compared to normotensive subjects [50].

Additionally, pooled data from two large U.S. cohorts revealed that
elevated baseline SUA modestly increased the risk of incident kidney
disease over an 8.5-year follow-up (OR per 1 mg/dL increase:
1.07-1.11), independent of multiple cardiovascular and demographic
factors [51]. Among patients with diabetes, both type 1 and type 2,
hyperuricemia has been linked to early progressive loss of renal function
and higher risk of incident CKD (OR per 1 mg/dL increase: 1.4 (95 % CL:
1.1-1.8) in type 1 diabetes, and adjusted OR: 2.10 (95 % CI: 1.16-3.76)
in T2DM), suggesting UA as a relevant risk factor in this high-risk
population as well [52,53].

A notable cohort study involving over 5000 patients demonstrated
that individuals in the highest quintile of SUA had a renal failure
prevalence of up to 42 %, defined by an eGFR below 60 mL/min/1.73
m?. However, the association with progressive kidney function decline
was modest, with an adjusted odds ratio (OR) up to 1.49 (95 % CI,
1.00-2.22) in the fifth quintile, and SUA was not significantly associated
with incident CKD [54].

Further research has corroborated the role of hyperuricemia as a
predictor of end-stage kidney disease (ESKD) [55,56], graft loss
post-kidney transplantation [57,58], and early renal damage in hyper-
tensive patients undergoing primary prevention [59,60]. These findings
suggest that elevated SUA levels may not only result from impaired renal
function but also contribute to its deterioration. UA has also been
implicated in renal impairment through several mechanisms including
tubular precipitation, oxidative stress, endothelial dysfunction, and in-
flammatory cytokine production. These pathways may contribute to
renal and cardiovascular pathology even in asymptomatic individuals
[61].

The interplay between hyperuricemia and CVD is also increasingly
recognized as clinically relevant. Renal dysfunction, a well-established
risk factor for CVD, may amplify CV risk in patients with hyperurice-
mia, as the associated decline in eGFR contributes to increased cardio-
vascular events. Conversely, impaired renal function reduces urate
excretion, further exacerbating hyperuricemia and its related CV
burden. In patients with HF, higher rates of mortality and hospitaliza-
tion have been reported among individuals with preserved renal func-
tion, suggesting a potential link between elevated XOR activity,
oxidative stress, and CV outcomes [62,63]. Notably, a study on ambu-
latory patients with HF and reduced ejection fraction (HFrEF) found that
elevated SUA levels were associated with poorer one-year cardiovas-
cular outcomes - particularly in patients without CKD - indicating that
SUA may have independent prognostic value in this subgroup [64].

Importantly, recent evidence suggests that SUA is not merely asso-
ciated with disease progression but may serve as an independent pre-
dictor of mortality. A meta-analysis involving over 260,000 patients
undergoing hemodialysis reported a paradoxical inverse relationship
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Table 1
Urate-lowering therapies and their impact on cardiovascular and renal outcomes.

European Journal of Internal Medicine 142 (2025) 106432

Pharmacological class Agent Cardiovascular and Renal effects Pivotal clinical evidence Key clinical considerations
Xanthine oxidase Allopurinol Neutral effect on renal / cardiovascular Randomized controlled Widely used, good safety profile
inhibitors outcomes clinical trials
Febuxostat Potential | in cardiovascular events; eGFR Network meta-analysis Greater urate-lowering potency
preservation
URAT1 inhibitors Lesinurad, Limited data on CV outcomes Preliminary studies Often used in combination with a xanthine
Dotinurad oxidase inhibitor
Anti-inflammatory Colchicine (low- Improved endothelial function; | MACE in Cohort studies Adjunctive anti-inflammatory potential
therapy dose) patients with CAD

CAD= Coronary artery disease; eGFR= Estimated glomerular filtration rate; MACE= Major adverse cardiovascular event; URAT1= Urate transporter 1.

between SUA levels and both CV and all-cause mortality [65]. Specif-
ically, each 1 mg/dL increase in SUA was associated with a 9 % reduc-
tion in CV mortality and a 6 % reduction in all-cause mortality [65].
These findings point to a phenomenon of reverse epidemiology in
advanced CKD and underscore the complexity of interpreting SUA levels
in this population.

Further supporting this complexity, recent evidence from a large
retrospective cohort of peritoneal dialysis (PD) patients revealed a U-
shaped relationship between time-averaged SUA (TA-SUA) and mor-
tality [66]. Both low (<5.1 mg/dL) and high (>6.8 mg/dL) TA-SUA
levels were associated with increased all-cause and cardiovascular
mortality over a 48-month follow-up [66]. Importantly, lower TA-SUA
levels were independently predictive of mortality after adjusting for
age, diabetes, malnutrition, and other confounders. Each 1 mg/dL
decrease in TA-SUA was associated with a 23 % increase in all-cause
mortality (HR = 0.81, 95 % CI: 0.71-0.94) [66]. These findings
further illustrate the potential reverse epidemiology of SUA in advanced
CKD and emphasize the need for individualized interpretation of SUA
values in dialysis populations.

Emerging data also suggest that adjusting SUA for serum creatinine
(SUA/sCreat ratio) may improve risk stratification, potentially dis-
tinguishing individuals with heightened cardio-metabolic risk. This
approach reflects a shift in focus from urate underexcretion to urate
overproduction, particularly in patients predisposed to CV complica-
tions [67,68]. The global rise in both CKD and hyperuricemia—
frequently coexisting with metabolic syndrome—highlights the urgency
of defining clinically actionable SUA thresholds. Current challenges
include inconsistent outcomes from ULT trials and varying SUA cut-offs
predictive of CV risk depending on CKD stage, as highlighted by the
URRAH project [69].

Experimental models showed that elevated SUA can accelerate CKD
progression in the absence of crystal deposition, implicating soluble UA
as the mediator [70]. Though once considered an antioxidant, UA has
been found to induce oxidative stress, impair endothelial function,
activate the renin-angiotensin system, and promote proinflammatory
pathways including NF-kB and the inflammasome [71,72]. Interestingly,
despite Mendelian randomization studies suggesting no causal link be-
tween UA and CKD, substantial epidemiologic and interventional data
support a pathogenic role, particularly via intracellular urate toxicity.
The main benefit of ULT may lie in CV protection rather than renal
preservation [73].

Pilot studies and meta-analyses have suggested potential benefits of
urate-lowering therapy (ULT), particularly with XOIs, in slowing CKD
progression [74,75]. A recent meta-analysis of randomized controlled
trials further demonstrated that ULT in patients with asymptomatic
hyperuricemia preserved eGFR and reduced serum creatinine levels over
both short- and long-term periods, although it did not reduce the risk of
acute kidney injury (AKI) [76]. However, large randomized trials such
as PERL (patients with type 1 diabetes and CKD stages 2-3) and CKD-FIX
(CKD stages 3-4) failed to demonstrate significant renal benefit from
allopurinol therapy [77,78]. This was probably due to the type of the
population.

These findings led many experts to conclude that routine ULT in CKD

is not warranted unless indicated for gout prevention [79]. Some even
suggest that asymptomatic hyperuricemia may be beneficial in CKD
patients [80], while others suggests caution. Nonetheless, it is becoming
increasingly clear that a blanket approach may be inappropriate [81].
Importantly, both PERL and CKD-FIX trials excluded patients with
gout—who may represent up to one-third of the CKD population—and
did not restrict inclusion to hyperuricemic individuals, potentially
underestimating the therapeutic benefit. Supporting this, a recent large
cohort study using a target trial emulation approach found that
achieving a target SUA level (<6 mg/dL) with ULT in patients with gout
and CKD stage 3 was associated with a significantly lower risk of pro-
gression to severe or end-stage kidney disease (HR 0.89; 95 % CI,
0.80-0.98) [82].

A comparative overview of urate-lowering agents and their respec-
tive impacts on CV and renal outcomes underscores the importance of
tailoring treatment based on patient-specific risk profiles (Table 1).

A network meta-analysis comparing febuxostat and allopurinol in
patients with CKD stages 3-5 and asymptomatic hyperuricemia showed
that febuxostat may provide greater improvements in kidney function
(mean difference in eGFR: +4.99 mL/min/1.73 m? vs allopurinol; 95 %
CI, —0.65 to 10.78) and more effective SUA reduction, without increased
cardiovascular risk [83]. Specific therapies such as febuxostat have also
shown promising results in reducing kidney events, slowing eGFR
decline, and lowering albuminuria in patients with gout or hyperurice-
mia, underscoring its renoprotective potential [84].

Specific patient subgroups are likely to benefit from targeted ther-
apy. These include patients with gout, who often remain undertreated
despite evidence of urate crystal deposition in coronary arteries, aorta,
and kidneys, as well as those with urate crystalluria, which can activate
inflammasomes in renal tubular cells and promote local injury. Despite
the high prevalence of gout in CKD patients, fewer than a quarter receive
effective treatment. This is due in part to therapeutic complex-
ities—drug contraindications, required dose adjustments, and inter-
specialist coordination. Nephrologists are urged to take a more active
role in managing gout as a major complication of CKD [85].

Additionally, cancer survivors with CKD and hyperuricemia face
increased risks of both all-cause and cardiovascular mortality [86]. In
China, where dialysis prevalence is rapidly increasing, hyperuricemia
affects a substantial portion of patients and promotes ESKD through
purine crystallization, inflammation, and RAS activation [87]. A
cross-sectional study confirmed that nearly half of CKD patients on he-
modialysis present with hyperuricemia, with common comorbidities
including hypertension and anemia [88].

Genetic factors may also modulate treatment response. A recent
genome-wide association study (GWAS) identified 377 loci associated
with gout and UA metabolism. This study revealed that inflammation,
including NLRP3 inflammasome activity, plays a critical role in gout
pathogenesis and may represent a key therapeutic target [89]. Ulti-
mately, generalized treatment of hyperuricemia—particularly with
XOIs—may not be the optimal strategy due to the significant heteroge-
neity among hyperuricemic patients and the complex interplay of
oxidative stress, inflammation, and renal accumulation. Personalized
treatment strategies that incorporate clinical phenotype, biochemical
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markers (e.g., SUA/sCreat ratio), and genetic predispositions may more
effectively identify those who will benefit from urate-lowering therapy.

5. Uric acid and mortality

Current guidelines and expert consensus increasingly recognize
elevated SUA as an independent CV risk factor, particularly in patients
with comorbidities such as hypertension, chronic kidney disease, and
heart failure. Emerging evidence supports a continuum of risk for all-
cause and cardiovascular mortality across a wide range of SUA values
and patient populations.

Higher SUA levels have been associated with increased all-cause
mortality, with reported relative risks (RR) ranging from 1.20 (95 %
CI, 1.13-1.28) [90] to 1.24 (95 % CI, 1.09-1.42) [91]. For each 1-mg/dL
increase in SUA, the risk of all-cause mortality increased by 9 % [92],
though the sex specific nature of this association remains inconsistent
across studies [91,93].

Hyperuricemia has also been linked to higher cardiovascular (CV)
mortality, with a reported RR of 1.37 (95 % CI, 1.19-1.57) for the
highest SUA category [91] and a hazard ratio (HR) of 1.45 (95 % CI,
1.33-1.58) [57]. The association appears to be stronger in women than
in men. A random-effects dose-response model demonstrated a positive
nonlinear relationship between SUA levels and CV mortality. Data from
the URRAH study clearly showed increased risk of both all-cause and
cardiovascular mortality at SUA levels as low as 4.5-5.5 mg/dL [57,94].

Moreover, a large meta-analysis including over 2.5 million in-
dividuals from 34 general population-based cohort studies showed that
elevated SUA levels were significantly associated with increased risk of
all-cause mortality (RR: 1.32; 95 % CI: 1.26-1.39), with a particularly
strong association observed in women (RR: 1.91) compared to men (RR:
1.16) [95]. These findings reinforce the role of SUA as an independent
predictor of fatal outcomes, especially in middle-aged adults, in-
dividuals of Caucasian ethnicity, and those living in OECD countries.

Hyperuricemia has been linked to higher all-cause and cardiovas-
cular mortality in individuals with hypertension, with those exhibiting
both conditions at an even greater risk (HR 1.87, 95 % CI: 1.43-2.82)
[96].

In a separate large cohort of 13,363 hypertensive patients from the
NHANES database (2001-2018), both high and low SUA levels were
associated with elevated all-cause and cardiovascular mortality [97].
Specifically, all-cause mortality (ACM) HRs across SUA quartiles were:
1.00 (reference), 1.557 (1.387-1.747), 1.312 (1.154-1.492), and 1.393
(1.228-1.580), all p < 0.01. CV mortality HRs were 1.00, 1.308
(1.043-1.641), 1.182 (0.938-1.490), and 1.151 (0.904-1.464). These
results suggest a U-shaped relationship between SUA levels and mor-
tality in hypertensive individuals, with both extremes associated with
increased risk.

Additionally, in osteoarthritis (OA) patients, hyperuricemia inde-
pendently increased the risk of both all-cause and CVD mortality (HR:
1.22, 95 % CI: 1.06-1.41 for all-cause; HR: 1.32, 95 % CI: 1.02-1.72 for
CVD) [98]. Furthermore, a combination of hyperuricemia and CKD
significantly elevated long-term mortality risks in HF patients (HR for
hyperuricemia+/CKD+ group: 1.59, 95 % CI: 1.43-1.76) [99]. Hyper-
uricemia has also been identified as a potential risk factor for stroke,
with pooled relative risks of 1.42 (95 % CI: 1.31-1.53) for stroke inci-
dence and 1.53 (95 % CI: 1.18-1.99) for stroke mortality, particularly in
females [100]. The presence of hyperuricemia is also correlated with an
increased risk of CHD mortality, with a relative risk of 1.14 (95 % CL:
1.06-1.23) for CHD mortality and 1.20 (95 % CI: 1.13-1.28) for
all-cause mortality in general populations [90]. Moreover, hyperurice-
mia in combination with hyperinsulinemia has been found to signifi-
cantly augment the mortality risk, particularly in normal-weight
individuals and those over the age of 40 (HR: 2.32, 95 % CI: 1.66-3.25)
[101]. Additionally, among CKD patients, hyperuricemia, especially in
conjunction with anemia, has been associated with higher all-cause
mortality, with a potential synergistic effect (RERL 0.630, AP: 0.291)
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[102].

Emerging evidence has also highlighted a strong interaction between
SUA levels and systemic inflammation in CAD patients. In a cohort of
16,598 individuals with available hsCRP and SUA data, higher SUA
quintiles were significantly associated with increased risk of major
adverse cardiovascular and cerebrovascular events (MACCE), but only
in those with hsCRP > 2 mg/L [103]. Each unit increase in SUA levels
conferred an 11.3 % increased risk of MACCE (adjusted p < 0.001). No
such association was observed in those with hsCRP < 2 mg/L, suggesting
the prognostic relevance of SUA is amplified in the context of chronic
low-grade inflammation [103]. These findings support a potential
benefit of combining ULT with anti-inflammatory strategies in this
subgroup.

Altogether, these data underscore the clinical importance of moni-
toring SUA levels not only as a metabolic marker but as a modifiable risk
factor, especially in high-risk groups.

Meta-analyses have shown an association between hyperuricemia
and coronary artery disease (CAD) mortality, with RRs ranging from
1.14 to 1.27 [104-107]. Each 1-mg/dL increase in SUA was associated
with a 12 % to 20 % increase in CAD mortality, a finding also confirmed
by the URRAH study [108].

Elevated SUA is also associated with increased stroke mortality, with
RRs ranging from 1.36 (95 % CI, 1.03-1.69) to 1.33 (95 % CI,
1.24-1.43). The latter association was significant in women but not in
men [109]. In patients with established hypertension, hyperuricemia
was associated with higher all-cause mortality (HR 1.12; 95 % CI,
1.02-1.23), although this association lost significance after adjustment
for confounders [110].

Several recent studies have reported an increased risk of acute MI
and stroke with progressive exposure to elevated SUA levels (see para-
graphs 6.1 and 6.3) [111,112], emphasizing the importance of repeated
SUA measurements to enhance prognostic accuracy.

In patients with HF, higher SUA levels were associated with
increased all-cause mortality (RR 1.43; 95 % CI, 1.31-1.56). Each 1-mg/
dL increase in SUA was linked to an 11 % increase in all-cause mortality
[113]. A meta-analysis involving approximately 1500 HF patients with a
median left ventricular ejection fraction of 32 % identified SUA as a
strong predictor of all-cause mortality, with a pooled RR of 2.13 (95 %
CI, 1.78-2.55) for SUA levels >6.5 mg/dL compared with <6.5 mg/dL.
The URRAH study confirmed these findings, using even lower cut-off
levels for predicting all-cause and CV mortality [114].

Among patients with acute coronary syndrome, hyperuricemia was
independently associated with increased all-cause (RR 1.86; 95 % CI,
1.49-2.32) and CV mortality (RR 1.74; 95 % CI, 1.36-2.22) [115]. In
patients with suspected or confirmed CAD, the highest SUA category was
associated with a pooled adjusted RR of 2.09 (95 % CI, 1.45-3.02) for CV
mortality and 1.80 (95 % CI, 1.39-2.34) for all-cause mortality,
compared with the lowest SUA category. Each 1-mg/dL increase in SUA
corresponded to a 12 % increase in CV mortality and a 20 % increase in
all-cause mortality [116].

In patients with CKD, higher SUA levels were associated with
increased CV mortality, with an HR of 1.47 (95 % CI, 1.11-1.96)
compared to the lowest SUA levels. Each 1-mg/dL increase in SUA raised
CV mortality risk by 12 % [117].

In gout patients, a pooled analysis of over 200,000 individuals free
from CVD found gout to be associated with elevated CV mortality (HR
1.29; 95 % CI, 1.14-1.44) and CAD mortality (HR 1.42; 95 % CI,
1.22-1.63) [118].

Hyperuricemia has also been associated with increased mortality in
patients with T2DM. A meta-analysis involving 11,750 diabetic patients
initially identified a modest association between SUA and all-cause
mortality (HR 1.06; 95 % CI, 1.03-1.09) [119]. A recent study of
>7000 diabetic patients from NHANES (1999-2018) reported increased
CV mortality (RR 1.41; 95 % CI, 1.03-1.94) [120], consistent with
findings from a meta-analysis of 13 studies that showed a pooled HR of
1.08 (95 % CI, 1.05-1.11) for all-cause and 1.05 (95 % CI, 1.03-1.06) for
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Table 2
Suggested therapeutic strategies based on clinical phenotype.

Clinical Scenario Recommended Therapeutic

Strategy

Supporting Rationale

Associated with reduced
risk of ESKD

Gout with CKD (stage Xanthine oxidase inhibitor
>3) (+ URAT1 inhibitor) to
achieve SUA <6 mg/dL
CKD without clinical Initiate therapy only if SUA
gout >7-8 mg/dL

Limited benefit; urate-
lowering at low SUA may
be harmful

Reduction in MACCE in
patients with

Xanthine oxidase inhibitor
plus anti-inflammatory

Atherosclerotic CVD
with elevated

inflammation (hsCRP  therapy (e.g., low-dose concomitant
>2 mg/L) colchicine) inflammation and
hyperuricemia
Asymptomatic No pharmacological urate- No demonstrated clinical
individuals at low lowering therapy benefit; risk of
risk overtreatment

CKD= Chronic kidney disease; CVD= Cardiovascular disease; hsCRP: high-
sensitivity C reactive protein; ESKD= End-stage kidney disease; MACCE=
Major adverse cardiovascular and cerebrovascular events; SUA= Serum uric
acid; URAT1= Urate transporter 1.

CV mortality per 1-mg/dL increase in SUA. Elevated SUA may also
contribute to renal dysfunction in this population, further amplifying its
detrimental impact on the cardiometabolic system.

6. Beyond gout: rethinking uric acid in modern medicine

The control of SUA levels has emerged as a critical challenge in the
prevention and management of cardiovascular, metabolic, and renal
diseases. Once regarded as a biologically inert waste product of purine
metabolism, UA is now recognized as a dynamic and pathophysiologi-
cally active compound. Hyperuricemia, or elevated SUA levels, is not
merely a marker of disease risk but actively contributes to pro-
inflammatory and pro-oxidative processes that affect the heart, blood
vessels, kidneys, and metabolic pathways [121]. Mounting epidemio-
logical evidence supports the role of SUA as an independent predictor of
both CV and renal morbidity and mortality, prompting a shift in clinical
perspective toward more proactive monitoring and management stra-
tegies [122].

From an evolutionary standpoint, the loss of the uricase enzyme in
humans led to a chronic elevation in SUA levels—likely advantageous in
prehistoric environments marked by sodium scarcity and caloric stress
[123]. However, this adaptation has become maladaptive in the context
of modern diets rich in purines, fructose, and salt, which collectively
exacerbate hyperuricemia and contribute to a wide range of chronic
conditions. The overproduction of UA—largely driven by XOR
activity—is a central pathogenic mechanism, fueling oxidative stress,
inflammation, and endothelial dysfunction [23]. While impaired renal
excretion of UA also contributes to elevated SUA, recent insights suggest
that overproduction may be the more critical driver of tissue injury,
though the interplay between these mechanisms remains complex and,
at times, confounding in the interpretation of treatment outcomes [124].

Mechanistic studies have demonstrated that hyperuricemia induces
endothelial dysfunction by reducing NO bioavailability and impairs in-
sulin signaling, linking it to hypertension, metabolic syndrome, and
T2DM [3]. Simultaneously, UA activates the renin-angiotensin system
and promotes vascular smooth muscle cell proliferation and oxidative
damage, compounding its role in vascular remodeling and atheroscle-
rosis [125]. These findings are reinforced by clinical observations
showing increased risk of coronary artery disease, HF, stroke, and CKD
progression among individuals with elevated SUA, even in the absence
of gout [126].

In conclusion, UA should be redefined not as a passive metabolic
endpoint, but as a clinically relevant and modifiable factor in the
pathogenesis of cardiovascular and renal diseases [61]. While debate
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persists as to whether hyperuricemia is a cause or consequence of these
conditions, the convergence of genetic, mechanistic, and interventional
evidence supports a contributory, if not causative, role. A comprehen-
sive, individualized approach—including pharmacologic therapy when
indicated, lifestyle modification, and nutritional strategies—offers the
most effective means of managing SUA and improving long-term health
outcomes.

In light of these complexities, a phenotype-driven therapeutic
approach may better reflect the clinical heterogeneity of hyperuricemia
and its systemic implications (Table 2).

Continued research, particularly into the complex interactions be-
tween diet, inflammation, and UA metabolism, is essential to refine risk
stratification and guide future preventive strategies.

Declaration of interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1

Pasalic D, Marinkovic N, Feher-Turkovic L. Uric acid as one of the important
factors in multifactorial disorders—facts and controversies. Biochem Med (Zagreb)
2012;22(1):63-75. https://doi.org/10.11613/bm.2012.007.

Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V. Regulation of uric acid

metabolism and excretion. Int J Cardiol 2016 Jun 15;213:8-14. https://doi.org/

10.1016/j.ijeard.2015.08.109. Erratum in: Int J Cardiol. 2023 Sep 15;387:

131126. 10.1016/j.ijcard.2023.131126.

[3] Dul, Zong Y, Li H, Wang Q, Xie L, Yang B, Pang Y, Zhang C, Zhong Z, Gao J.

Hyperuricemia and its related diseases: mechanisms and advances in therapy.

Signal Transduct Target Ther 2024 Aug 28;9(1):212. https://doi.org/10.1038/

541392-024-01916-y.

Cicero AFG, Fogacci F, Di Micoli V, Angeloni C, Giovannini M, Borghi C. Purine

metabolism dysfunctions: experimental methods of detection and diagnostic

potential. Int J Mol Sci 2023 Apr 10;24(8):7027. https://doi.org/10.3390/
ijms24087027.

[5] Zhu C, Sun B, Zhang B, Zhou Z. An update of genetics, co-morbidities and

management of hyperuricaemia. Clin Exp Pharmacol Physiol 2021 Oct;48(10):

1305-16. https://doi.org/10.1111/1440-1681.13539.

Martillo MA, Nazzal L, Crittenden DB. The crystallization of monosodium urate.

Curr Rheumatol Rep 2014 Feb;16(2):400. https://doi.org/10.1007/s11926-013-

0400-9.

[7] Kam M, Perl-Treves D, Caspi D, Addadi L. Antibodies against crystals. FASEB J

1992 May;6(8):2608-13. https://doi.org/10.1096/fasebj.6.8.1592211.

[8] Wu XW, Muzny DM, Lee CC, Caskey CT. Two independent mutational events in

the loss of urate oxidase during hominoid evolution. J Mol Evol 1992 Jan;34(1):

78-84. https://doi.org/10.1007/BF00163854.

Johnson RJ, Gaucher EA, Sautin YY, Henderson GN, Angerhofer AJ, Benner SA.

The planetary biology of ascorbate and uric acid and their relationship with the

epidemic of obesity and cardiovascular disease. Med Hypotheses 2008;71(1):

22-31. https://doi.org/10.1016/j.mehy.2008.01.017.

[10] Agusti J, Andrews P, Fortelius M, Rook L. Hominoid evolution and environmental
change in the Neogene of Europe: a European Science Foundation network.

J Hum Evol 1998 Jan;34(1):103-7. https://doi.org/10.1006/jhev.1997.0184.

[11] Johnson R.J., Andrews P., Benner S.A., Oliver W. Theodore E. Woodward award.
The evolution of obesity: insights from the mid-miocene. Trans Am Clin Climatol
Assoc. 2010;121:295-305; discussion 305-8. Erratum in: Trans Am Clin Climatol
Assoc. 2013;124:294.

[12] El Ridi R, Tallima H. Physiological functions and pathogenic potential of uric
acid: a review. J Adv Res 2017;8(5):487-93.

[13] Sugihara S, Hisatome I, Kuwabara M, Niwa K, Maharani N, Kato M, Ogino K,
Hamada T, Ninomiya H, Higashi Y, Ichida K, Yamamoto K. Depletion of uric acid
due to SLC22A12 (URAT1) loss-of-function mutation causes endothelial
dysfunction in hypouricemia. Circ J 2015;79(5):1125-32. https://doi.org/
10.1253/circj.CJ-14-1267.

[14] Sakaguchi YM, Wiriyasermkul P, Matsubayashi M, Miyasaka M, Sakaguchi N,
Sahara Y, Takasato M, Kinugawa K, Sugie K, Eriguchi M, Tsuruya K, Kuniyasu H,
Nagamori S, Mori E. Identification of three distinct cell populations for urate
excretion in human kidneys. J Physiol Sci 2024 Jan 2;74(1):1. https://doi.org/
10.1186/512576-023-00894-0.

[15] Alabarse PG, Oliveira P, Qin H, Yan T, Migaud M, Terkeltaub R, Liu-Bryan R. The
NADase CD38 is a central regulator in gouty inflammation and a novel druggable
therapeutic target. Inflamm Res 2024 May;73(5):739-51. https://doi.org/
10.1007/s00011-024-01863-y.

[16] Wu G, Liu J, Ma G, Wei Q, Song X. Hyperuricemia facilitates Uric acid-mediated

vascular endothelial cell damage by inhibiting mitophagy. Cell Biochem Biophys

2025 Mar;83(1):811-21. https://doi.org/10.1007/s12013-024-01512-5.

[2

[4

[6

[9


https://doi.org/10.11613/bm.2012.007
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1038/s41392-024-01916-y
https://doi.org/10.1038/s41392-024-01916-y
https://doi.org/10.3390/ijms24087027
https://doi.org/10.3390/ijms24087027
https://doi.org/10.1111/1440-1681.13539
https://doi.org/10.1007/s11926-013-0400-9
https://doi.org/10.1007/s11926-013-0400-9
https://doi.org/10.1096/fasebj.6.8.1592211
https://doi.org/10.1007/BF00163854
https://doi.org/10.1016/j.mehy.2008.01.017
https://doi.org/10.1006/jhev.1997.0184
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0012
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0012
https://doi.org/10.1253/circj.CJ-14-1267
https://doi.org/10.1253/circj.CJ-14-1267
https://doi.org/10.1186/s12576-023-00894-0
https://doi.org/10.1186/s12576-023-00894-0
https://doi.org/10.1007/s00011-024-01863-y
https://doi.org/10.1007/s00011-024-01863-y
https://doi.org/10.1007/s12013-024-01512-5

C. Borghi et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Yan F, Zhang H, Yuan X, Wang X, Li M, Fan Y, He Y, Jia Z, Han L, Liu Z.
Comparison of the different monosodium urate crystals in the preparation process
and pro-inflammation. Adv Rheumatol 2023 Aug 8;63(1):39. https://doi.org/
10.1186/542358-023-00307-1.

Pillinger MH, Toprover M. The fifth element: is vascular dysfunction an intrinsic
feature of gout? Semin Arthritis Rheum 2025 Jun;728:152679. https://doi.org/
10.1016/j.semarthrit.2025.152679.

Albu A, Para I, Porojan M. Uric acid and arterial stiffness. Ther Clin Risk Manag
2020;16:39-54.

Watanabe S, Kang DH, Feng L, Nakagawa T, Kanellis J, Lan H, Mazzali M,
Johnson RJ. Uric acid, hominoid evolution, and the pathogenesis of salt-
sensitivity. Hypertension 2002 Sep;40(3):355-60. https://doi.org/10.1161/01.
hyp.0000028589.66335.aa.

Bahadoran Z, Mirmiran P, Kashfi K, Ghasemi A. Hyperuricemia-induced
endothelial insulin resistance: the nitric oxide connection. Pflugers Arch 2022
Jan;474(1):83-98. https://doi.org/10.1007/500424-021-02606-2.

Ciarambino T, Crispino P, Giordano M. Hyperuricemia and endothelial function:
is it a simple association or do gender differences play a role in this binomial?
Biomedicines 2022 Nov 29;10(12):3067. https://doi.org/10.3390/
biomedicines10123067.

Mudgal R, Singh S. Xanthine oxidoreductase in the pathogenesis of endothelial
dysfunction: an update. Curr Hypertens Rev 2024;20(1):10-22. https://doi.org/
10.2174/0115734021277772240124075120.

Harlacher E, Wollenhaupt J, Baaten CCFMJ, Noels H. Impact of uremic toxins on
endothelial dysfunction in chronic kidney disease: a systematic review. Int J Mol
Sci 2022 Jan 4;23(1):531. https://doi.org/10.3390/ijms23010531.

Naganuma J, Sakuma M, Kitahara K, Kato T, Yokomachi J, Yamauchi F, Inoue R,
Tida K, Kohno Y, Inoue K, Koshiji N, Abe S, Toyoda S, Inoue T. Excited UA study
investigators. Optimal uric acid reduction to improve vascular endothelial
function in patients with chronic heart failure complicated by hyperuricemia.
Hypertens Res 2023 Mar;46(3):688-96. https://doi.org/10.1038/541440-02.2-
01116-7.

Baratta F, Moscucci F, Ettorre E, Bocale R, Cicero AFG, Cirillo P, Fogacci F,
Lospinuso I, Savoia C, Mengozzi A, Virdis A, Borghi C, Desideri G. Influence of
uric acid on vascular and cognitive functions: evidence for an ambivalent
relationship. Metabolites 2024 Nov 20;14(11):642. https://doi.org/10.3390/
metabo14110642.

Goncharov NV, Popova PI, Kudryavtsev IV, Golovkin AS, Savitskaya IV,
Avdonin PP, Korf EA, Voitenko NG, Belinskaia DA, Serebryakova MK,
Matveeva NV, Gerlakh NO, Anikievich NE, Gubatenko MA, Dobrylko IA,
Trulioff AS, Aquino AD, Jenkins RO, Avdonin PV. Immunological profile and
markers of endothelial dysfunction in elderly patients with cognitive
impairments. Int J Mol Sci 2024 Feb 4;25(3):1888. https://doi.org/10.3390/
1jms25031888.

Gan TM, Ye YY, Mo GL, Li JY. Progress of uric acid in cardiovascular disease.
Cardiovasc Endocrinol Metab 2024 Apr 12;13(2):e0300. https://doi.org/
10.1097/XCE.0000000000000300.

Braga F, Pasqualetti S, Ferraro S, Panteghini M. Hyperuricemia as risk factor for
coronary heart disease incidence and mortality in the general population: a
systematic review and meta-analysis. Clin Chem Lab Med 2016 Jan;54(1):7-15.
https://doi.org/10.1515/cclm-2015-0523.

Borghi C, Tykarski A, Widecka K, Filipiak KJ, Domienik-Kartowicz J, Kostka-
Jeziorny K, Varga A, Jaguszewski M, Narkiewicz K, Mancia G. Expert consensus
for the diagnosis and treatment of patient with hyperuricemia and high
cardiovascular risk. Cardiol J 2018;25(5):545-63. https://doi.org/10.5603/
CJ.2018.0116.

Wheeler JG, Juzwishin KD, Eiriksdottir G, Gudnason V, Danesh J. Serum uric acid
and coronary heart disease in 9458 incident cases and 155,084 controls:
prospective study and meta-analysis. PLoS Med 2005 Mar;2(3):e76. https://doi.
org/10.1371/journal.pmed.0020076.

Kim SY, Guevara JP, Kim KM, Choi HK, Heitjan DF, Albert DA. Hyperuricemia
and coronary heart disease: a systematic review and meta-analysis. Arthritis Care
Res (Hoboken) 2010 Feb;62(2):170-80. https://doi.org/10.1002/acr.20065.
Zhao G, Huang L, Song M, Song Y. Baseline serum uric acid level as a predictor of
cardiovascular disease related mortality and all-cause mortality: a meta-analysis
of prospective studies. Atherosclerosis 2013 Nov;231(1):61-8. https://doi.org/
10.1016/j.atherosclerosis.2013.08.023.

Bos MJ, Koudstaal PJ, Hofman A, Witteman JC, Breteler MM. Uric acid is a risk
factor for myocardial infarction and stroke: the Rotterdam study. Stroke 2006
Jun;37(6):1503-7. https://doi.org/10.1161/01.STR.0000221716.55088.d4.
Maloberti A, Mengozzi A, Russo E, Cicero AFG, Angeli F, E Agabiti Rosei,
Barbagallo CM, Bernardino B, Bombelli M, Cappelli F, Casiglia E, Cianci R,
Ciccarelli M, Cirillo M, Cirillo P, Desideri G, D’Elia L, Dell’Oro R, Facchetti R,
Ferri C, Galletti F, Giannattasio C, Gesualdo L, Iaccarino G, Lippa L, Mallamaci F,
Masi S, Masulli M, Mazza A, Muiesan ML, Nazzaro P, Parati G, Palatini P,
Pauletto P, Pontremoli R, Pugliese NR, Quarti-Trevano F, Rattazzi M, Reboldi G,
Rivasi G, Salvetti M, Tikhonoff V, Tocci G, Ungar A, Verdecchia P, Viazzi F,
Volpe M, Virdis A, Grassi G, C; Borghi. Working Group on Uric acid and
cardiovascular risk of the Italian Society of Hypertension (SIIA). The results of the
URRAH (Uric Acid Right for Heart Health) Project: a focus on hyperuricemia in
relation to cardiovascular and kidney disease and its role in metabolic
dysregulation. High Blood Press Cardiovasc Prev 2023 Sep;30(5):411-25.
https://doi.org/10.1007/540292-023-00602-4.

Tian X, Wang P, Chen S, Zhang Y, Zhang X, Xu Q, Luo Y, Wu S, Wang A.
Association of normal serum uric acid level and cardiovascular disease in people

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

European Journal of Internal Medicine 142 (2025) 106432

without risk factors for cardiac diseases in China. J Am Heart Assoc 2023 May 16;
12(10):e029633. https://doi.org/10.1161/JAHA.123.029633.

Kleber ME, Delgado G, Grammer TB, Silbernagel G, Huang J, Kramer BK, Ritz E,
Marz W. Uric acid and cardiovascular events: a mendelian randomization study.
J Am Soc Nephrol 2015 Nov;26(11):2831-8. https://doi.org/10.1681/
ASN.2014070660.

Yang Y, Zhang X, Jin Z, Zhao Q. Association of serum uric acid with mortality and
cardiovascular outcomes in patients with hypertension: a meta-analysis.

J Thromb Thrombolysis 2021 Nov;52(4):1084-93. https://doi.org/10.1007/
$§11239-021-02453-z.

Cicero AFG, Fogacci F, Cincione RI, Tocci G, Borghi C. Clinical effects of xanthine
oxidase inhibitors in hyperuricemic patients. Med Princ Pract 2021;30(2):
122-30. https://doi.org/10.1159/000512178.

Jamil Y, Alameddine D, Iskandarani ME, Agrawal A, Arockiam AD, Haroun E,
Wassif H, Collier P, Wang TKM. Cardiovascular outcomes of Uric acid lowering
medications: a meta-analysis. Curr Cardiol Rep 2024 Dec;26(12):1427-37.
https://doi.org/10.1007/511886-024-02138-y.

Wang L, Mesa-Eguiagaray I, Campbell H, Wilson JF, Vitart V, Li X,
Theodoratou E. A phenome-wide association and factorial mendelian
randomization study on the repurposing of uric acid-lowering drugs for
cardiovascular outcomes. Eur J Epidemiol 2024 Aug;39(8):869-80. https://doi.
org/10.1007/510654-024-01138-0.

Liao GZ, Feng JY, Wang JX, Zhou P, He CH, Zhuang XF, Huang Y, Zhou Q, Zhai M,
Zhang YH, Zhang J. Serum uric acid fluctuations and cardiovascular outcomes in
hospitalized acute heart failure patients. Nutr Metab Cardiovasc Dis 2025 Jun;35
(6):104025. https://doi.org/10.1016/j.numecd.2025.104025.

Lv YL, Liu YM, Dong KX, Ma XB, Qian L. Association of serum uric acid with all-
cause and cardiovascular mortality in cardiovascular disease patients. Sci Rep
2024 Nov 4;14(1):26675. https://doi.org/10.1038/541598-024-76970-1.
Strilchuk L, Fogacci F, Cicero AF. Safety and tolerability of available urate-
lowering drugs: a critical review. Expert Opin Drug Saf 2019 Apr;18(4):261-71.
https://doi.org/10.1080/14740338.2019.1594771.

Li B, Chen L, Hu X, Tan T, Yang J, Bao W, Rong S. Association of serum uric acid
with all-cause and cardiovascular mortality in diabetes. Diabetes Care 2023 Feb
1;46(2):425-33. https://doi.org/10.2337/dc22-1339.

Bellomo G, Venanzi S, Verdura C, Saronio P, Esposito A, Timio M. Association of
uric acid with change in kidney function in healthy normotensive individuals. Am
J Kidney Dis 2010 Aug;56(2):264-72. https://doi.org/10.1053/j.
ajkd.2010.01.019.

Ben-Dov IZ, Kark JD. Serum uric acid is a GFR-independent long-term predictor of
acute and chronic renal insufficiency: the Jerusalem Lipid Research Clinic cohort
study. Nephrol Dial Transplant 2011 Aug;26(8):2558-66. https://doi.org/
10.1093/ndt/gfq740.

Domrongkitchaiporn S, Sritara P, Kitiyakara C, Stitchantrakul W, Krittaphol V,
Lolekha P, Cheepudomwit S, Yipintsoi T. Risk factors for development of
decreased kidney function in a southeast Asian population: a 12-year cohort
study. J Am Soc Nephrol 2005 Mar;16(3):791-9. https://doi.org/10.1681/
ASN.2004030208.

Kamei K, Konta T, Hirayama A, Suzuki K, Ichikawa K, Fujimoto S, Iseki K,
Moriyama T, Yamagata K, Tsuruya K, Kimura K, Narita I, Kondo M, Asahi K,
Watanabe T. A slight increase within the normal range of serum uric acid and the
decline in renal function: associations in a community-based population. Nephrol
Dial Transplant 2014 Dec;29(12):2286-92. https://doi.org/10.1093/ndt/gfu256.
Sedaghat S., Hoorn E.J., van Rooij F.J., Hofman A., Franco O.H., Witteman J.C.,
Dehghan A. Serum uric acid and chronic kidney disease: the role of hypertension.
PLoS One. 2013 Nov 12;8(11):e76827. doi: 10.1371/journal.pone.0076827.
Weiner DE, Tighiouart H, Elsayed EF, Griffith JL, Salem DN, Levey AS. Uric acid
and incident kidney disease in the community. J Am Soc Nephrol 2008 Jun;19(6):
1204-11. https://doi.org/10.1681/ASN.2007101075.

Ficociello LH, Rosolowsky ET, Niewczas MA, Maselli NJ, Weinberg JM,
Aschengrau A, Eckfeldt JH, Stanton RC, Galecki AT, Doria A, Warram JH,
Krolewski AS. High-normal serum uric acid increases risk of early progressive
renal function loss in type 1 diabetes: results of a 6-year follow-up. Diabetes Care
2010 Jun;33(6):1337-43. https://doi.org/10.2337/dc10-0227.

Zoppini G, Targher G, Chonchol M, Ortalda V, Abaterusso C, Pichiri I, Negri C,
Bonora E. Serum uric acid levels and incident chronic kidney disease in patients
with type 2 diabetes and preserved kidney function. Diabetes Care 2012 Jan;35
(1):99-104. https://doi.org/10.2337/dc11-1346.

Chonchol M, Shlipak MG, Katz R, Sarnak MJ, Newman AB, Siscovick DS,
Kestenbaum B, Carney JK, Fried LF. Relationship of uric acid with progression of
kidney disease. Am J Kidney Dis 2007 Aug;50(2):239-47. https://doi.org/
10.1053/j.ajkd.2007.05.013.

Hsu CY, Iribarren C, McCulloch CE, Darbinian J, Go AS. Risk factors for end-stage
renal disease: 25-year follow-up. Arch Intern Med 2009 Feb 23;169(4):342-50.
https://doi.org/10.1001/archinternmed.2008.605.

Iseki K, Ikemiya Y, Inoue T, Iseki C, Kinjo K, Takishita S. Significance of
hyperuricemia as a risk factor for developing ESRD in a screened cohort. Am J
Kidney Dis 2004 Oct;44(4):642-50.

Haririan A, Metireddy M, Cangro C, Nogueira JM, Rasetto F, Cooper M,

Klassen DK, Weir MR. Association of serum uric acid with graft survival after
kidney transplantation: a time-varying analysis. Am J Transplant 2011 Sep;11(9):
1943-50. https://doi.org/10.1111/j.1600-6143.2011.03613.x.

Haririan A, Nogueira JM, Zandi-Nejad K, Aiyer R, Hurley H, Cooper M,

Klassen DK, Weir MR. The independent association between serum uric acid and
graft outcomes after kidney transplantation. Transplantation 2010 Mar 15;89(5):
573-9. https://doi.org/10.1097/TP.0b013e3181c73c18. Erratum in:


https://doi.org/10.1186/s42358-023-00307-1
https://doi.org/10.1186/s42358-023-00307-1
https://doi.org/10.1016/j.semarthrit.2025.152679
https://doi.org/10.1016/j.semarthrit.2025.152679
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0019
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0019
https://doi.org/10.1161/01.hyp.0000028589.66335.aa
https://doi.org/10.1161/01.hyp.0000028589.66335.aa
https://doi.org/10.1007/s00424-021-02606-2
https://doi.org/10.3390/biomedicines10123067
https://doi.org/10.3390/biomedicines10123067
https://doi.org/10.2174/0115734021277772240124075120
https://doi.org/10.2174/0115734021277772240124075120
https://doi.org/10.3390/ijms23010531
https://doi.org/10.1038/s41440-022-01116-7
https://doi.org/10.1038/s41440-022-01116-7
https://doi.org/10.3390/metabo14110642
https://doi.org/10.3390/metabo14110642
https://doi.org/10.3390/ijms25031888
https://doi.org/10.3390/ijms25031888
https://doi.org/10.1097/XCE.0000000000000300
https://doi.org/10.1097/XCE.0000000000000300
https://doi.org/10.1515/cclm-2015-0523
https://doi.org/10.5603/CJ.2018.0116
https://doi.org/10.5603/CJ.2018.0116
https://doi.org/10.1371/journal.pmed.0020076
https://doi.org/10.1371/journal.pmed.0020076
https://doi.org/10.1002/acr.20065
https://doi.org/10.1016/j.atherosclerosis.2013.08.023
https://doi.org/10.1016/j.atherosclerosis.2013.08.023
https://doi.org/10.1161/01.STR.0000221716.55088.d4
https://doi.org/10.1007/s40292-023-00602-4
https://doi.org/10.1161/JAHA.123.029633
https://doi.org/10.1681/ASN.2014070660
https://doi.org/10.1681/ASN.2014070660
https://doi.org/10.1007/s11239-021-02453-z
https://doi.org/10.1007/s11239-021-02453-z
https://doi.org/10.1159/000512178
https://doi.org/10.1007/s11886-024-02138-y
https://doi.org/10.1007/s10654-024-01138-0
https://doi.org/10.1007/s10654-024-01138-0
https://doi.org/10.1016/j.numecd.2025.104025
https://doi.org/10.1038/s41598-024-76970-1
https://doi.org/10.1080/14740338.2019.1594771
https://doi.org/10.2337/dc22-1339
https://doi.org/10.1053/j.ajkd.2010.01.019
https://doi.org/10.1053/j.ajkd.2010.01.019
https://doi.org/10.1093/ndt/gfq740
https://doi.org/10.1093/ndt/gfq740
https://doi.org/10.1681/ASN.2004030208
https://doi.org/10.1681/ASN.2004030208
https://doi.org/10.1093/ndt/gfu256
https://doi.org/10.1371/journal.pone.0076827
https://doi.org/10.1681/ASN.2007101075
https://doi.org/10.2337/dc10-0227
https://doi.org/10.2337/dc11-1346
https://doi.org/10.1053/j.ajkd.2007.05.013
https://doi.org/10.1053/j.ajkd.2007.05.013
https://doi.org/10.1001/archinternmed.2008.605
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0056
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0056
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0056
https://doi.org/10.1111/j.1600-6143.2011.03613.x
https://doi.org/10.1097/TP.0b013e3181c73c18

C. Borghi et al.

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Transplantation. 2010 Apr 15;89(7):907. Noguiera, Joseph M [corrected to
Nogueira, Joseph M].

Borghi C, Agabiti-Rosei E, Johnson RJ, Kielstein JT, Lurbe E, Mancia G, Redon J,
Stack AG, Tsioufis KP. Hyperuricaemia and gout in cardiovascular, metabolic and
kidney disease. Eur J Intern Med 2020 Oct;80:1-11. https://doi.org/10.1016/j.
€jim.2020.07.006.

Viazzi F, Leoncini G, Ratto E, Falqui V, Parodi A, Conti N, Derchi LE, Tomolillo C,
Deferrari G, Pontremoli R. Mild hyperuricemia and subclinical renal damage in
untreated primary hypertension. Am J Hypertens 2007 Dec;20(12):1276-82.
https://doi.org/10.1016/j.amjhyper.2007.08.010.

Gherghina ME, Peride I, Tiglis M, Neagu TP, Niculae A, Checherita IA. Uric acid
and oxidative stress-relationship with cardiovascular, metabolic, and renal
impairment. Int J Mol Sci 2022 Mar 16;23(6):3188. https://doi.org/10.3390/
ijms23063188.

Filippatos GS, Ahmed MI, Gladden JD, Mujib M, Aban IB, Love TE, Sanders PW,
Pitt B, Anker SD, Hyperuricaemia Ahmed A. chronic kidney disease, and
outcomes in heart failure: potential mechanistic insights from epidemiological
data. Eur Heart J 2011 Mar;32(6):712-20. https://doi.org/10.1093/eurheartj/
ehq473.

Vaduganathan M, Greene SJ, Ambrosy AP, Mentz RJ, Subacius HP, Chioncel O,
Maggioni AP, Swedberg K, Zannad F, Konstam MA, Senni M, Givertz MM,
Butler J, Gheorghiade M. EVEREST trial investigators. Relation of serum uric acid
levels and outcomes among patients hospitalized for worsening heart failure with
reduced ejection fraction (from the efficacy of vasopressin antagonism in heart
failure outcome study with tolvaptan trial). Am J Cardiol 2014 Dec 1;114(11):
1713-21. https://doi.org/10.1016/j.amjcard.2014.09.008.

Minneci C, Zucchini M, Gonzini L, Marini M, Gori M, De Maria R. Italian Network
on Heart Failure (IN-HF) investigators. Serum uric acid, renal function and
prognosis in patients with chronic heart failure and reduced ejection fraction.
Insights from the Italian Network on Heart Failure. Int J Cardiol 2025 Feb 15;421:
132906. https://doi.org/10.1016/j.ijcard.2024.132906.

Wang H, Liu J, Xie D, Liu H, Zhen L, Guo D, Liu X. Elevated serum uric acid and
risk of cardiovascular or all-cause mortality in maintenance hemodialysis
patients: a meta-analysis. Nutr Metab Cardiovasc Dis 2021 Feb 8;31(2):372-81.
https://doi.org/10.1016/j.numecd.2020.11.017.

Li L, Zhang H, Zhang B, Yang F, Wang M, Qiu W, Fu L, Chen M, Tian N. Lower
time-averaged serum uric acid was associated with increased mortality in
peritoneal dialysis patients. Ther Apher Dial 2025 Jun;29(3):479-90. https://doi.
org/10.1111/1744-9987.14252.

Wang A, Tian X, Wu S, Zuo Y, Chen S, Mo D, Luo Y, Wang Y. Metabolic factors
mediate the association between serum uric acid to serum creatinine ratio and
cardiovascular disease. J Am Heart Assoc 2021 Dec 7;10(23):e023054. https://
doi.org/10.1161/JAHA.121.023054.

Casiglia E, Tikhonoff V, Virdis A, Grassi G, Angeli F, Barbagallo CM, Bombelli M,
Cicero AFG, Cirillo M, Cirillo P, Dell’Oro R, D’elia L, Desideri G, Ferri C,
Galletti F, Gesualdo L, Giannattasio C, Iaccarino G, Lippa L, Mallamaci F, Masi S,
Maloberti A, Masulli M, Mazza A, Mengozzi A, Muiesan ML, Nazzaro P, Palatini P,
Parati G, Pontremoli R, Quarti-Trevano F, Rattazzi M, Reboldi G, Rivasi G,
Salvetti M, Tocci G, Ungar A, Verdecchia P, Viazzi F, Volpe M, Borghi C. Working
Group on Uric Acid and Cardiovascular Risk of the Italian Society of Hypertension
(SITA). Serum uric acid /serum creatinine ratio as a predictor of cardiovascular
events. Detection of prognostic cardiovascular cut-off values. J Hypertens 2023
Jan 1;41(1):180-6. https://doi.org/10.1097/HJH.0000000000003319.

Barnini C, Russo E, Leoncini G, Ghinatti MC, Maccio L, Piaggio M, Viazzi F,
Pontremoli R. Asymptomatic hyperuricemia and the kidney: lessons from the
URRAH Study. Metabolites 2025 Jan 2;15(1):11. https://doi.org/10.3390/
metabo15010011.

Kang DH, Nakagawa T, Feng L, Watanabe S, Han L, Mazzali M, Truong L,
Harris R, Johnson RJ. A role for uric acid in the progression of renal disease. J Am
Soc Nephrol 2002 Dec;13(12):2888-97. https://doi.org/10.1097/01.
asn.0000034910.58454.fd.

Johnson RJ, Nakagawa T, Jalal D, Sanchez-Lozada LG, Kang DH, Ritz E. Uric acid
and chronic kidney disease: which is chasing which? Nephrol Dial Transplant
2013 Sep;28(9):2221-8. https://doi.org/10.1093/ndt/gft029.

Kanellis J, Watanabe S, Li JH, Kang DH, Li P, Nakagawa T, Wamsley A, Sheikh-
Hamad D, Lan HY, Feng L, Johnson RJ. Uric acid stimulates monocyte
chemoattractant protein-1 production in vascular smooth muscle cells via
mitogen-activated protein kinase and cyclooxygenase-2. Hypertension 2003 Jun;
41(6):1287-93. https://doi.org/10.1161/01.HYP.0000072820.07472.3B.

Ejaz AA, Nakagawa T, Kanbay M, Kuwabara M, Kumar A, Garcia Arroyo FE,
Roncal-Jimenez C, Sasai F, Kang DH, Jensen T, Hernando AA, Rodriguez-Iturbe B,
Garcia G, Tolan DR, Sanchez-Lozada LG, Lanaspa MA, Johnson RJ.
Hyperuricemia in Kidney disease: a major risk factor for cardiovascular events,
vascular calcification, and renal damage. Semin Nephrol 2020 Nov;40(6):574-85.
https://doi.org/10.1016/j.semnephrol.2020.12.004.

Goicoechea M, de Vinuesa SG, Verdalles U, Ruiz-Caro C, Ampuero J, Rincén A,
Arroyo D, Luno J. Effect of allopurinol in chronic kidney disease progression and
cardiovascular risk. Clin J Am Soc Nephrol 2010 Aug;5(8):1388-93. https://doi.
org/10.2215/CJN.01580210.

Sapankaew T, Thadanipon K, Ruenroengbun N, Chaiyakittisopon K, Ingsathit A,
Numthavaj P, Chaiyakunapruk N, McKay G, Attia J, Thakkinstian A. Efficacy and
safety of urate-lowering agents in asymptomatic hyperuricemia: systematic
review and network meta-analysis of randomized controlled trials. BMC Nephrol
2022 Jun 23;23(1):223. https://doi.org/10.1186/512882-022-02850-3.

Luo Y, Song Q, Li J, Fu S, Yu W, Shao X, Li J, Huang Y, Chen J, Tang Y. Effects of
uric acid-lowering therapy (ULT) on renal outcomes in CKD patients with

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

European Journal of Internal Medicine 142 (2025) 106432

asymptomatic hyperuricemia: a systematic review and meta-analysis. BMC
Nephrol 2024 Feb 23;25(1):63. https://doi.org/10.1186/512882-024-03491-4.
Doria A., Galecki A.T., Spino C., Pop-Busui R., Cherney D.Z., Lingvay 1., Parsa A.,
Rossing P., Sigal R.J., Afkarian M., Aronson R., Caramori M.L., Crandall J.P., de
Boer L.H., Elliott T.G., Goldfine A.B., Haw J.S., Hirsch 1.B., Karger A.B., Maahs D.
M., McGill J.B., Molitch M.E., Perkins B.A., Polsky S., Pragnell M., Robiner W.N.,
Rosas S.E., Senior P., Tuttle K.R., Umpierrez G.E., Wallia A., Weinstock R.S., Wu
C., Mauer M.; P.E.R.L. Study Group. Serum urate lowering with allopurinol and
kidney function in type 1 diabetes. N Engl J Med. 2020 Jun 25;382(26):
2493-503. doi: 10.1056/NEJMoal916624.

Badve SV, Pascoe EM, Tiku A, Boudville N, Brown FG, Cass A, Clarke P,
Dalbeth N, Day RO, de Zoysa JR, Douglas B, Faull R, Harris DC, Hawley CM,
Jones GRD, Kanellis J, Palmer SC, Perkovic V, Rangan GK, Reidlinger D,
Robison L, Walker RJ, Walters G, Johnson DW. CKD-FIX study investigators.
Effects of allopurinol on the progression of chronic kidney disease. N Engl J Med
2020 Jun 25;382(26):2504-13. https://doi.org/10.1056/NEJMo0al915833.
Gonzalez-Martin G, Cano J, Carriazo S, et al. The dirty little secret of urate-
lowering therapy: useless to stop chronic kidney disease progression and may
increase mortality. Clin Kidney J 2020;13(6):936-47. https://doi.org/10.1093/
ckj/sfaa236.

Gnemmi V, Li Q, Ma Q, et al. Asymptomatic hyperuricemia promotes recovery
from ischemic organ injury by modulating the phenotype of macrophages. Cells
2022;11(4). https://doi.org/10.3390/cells11040626.

Cicero A.F.G., Fogacci F., Kuwabara M., Borghi C. Therapeutic strategies for the
treatment of chronic hyperuricemia: an evidence-based update. Medicina
(Kaunas). 2021 Jan 10;57(1):58. doi: 10.3390/medicina57010058.

Wang Y, Dalbeth N, Terkeltaub R, Zhang Y, Li X, Zeng C, Lei G, Wei J. Target
serum urate achievement and chronic kidney disease progression in patients with
gout and kidney disease. JAMA Intern Med 2025 Jan 1;185(1):74-82. https://doi.
org/10.1001/jamainternmed.2024.6212.

Chen J, Zhang Y, Wang Y, Chen L. Comparative efficacy and safety of febuxostat
and allopurinol in chronic kidney disease stage 3-5 patients with asymptomatic
hyperuricemia: a network meta-analysis. Ren fail 2025 Dec;47(1):2470478.
https://doi.org/10.1080/0886022X.2025.2470478.

Yang XH, Zhang BL, Cheng Y, Fu SK, Jin HM. Febuxostat provides renoprotection
in patients with hyperuricemia or gout: a systematic review and meta-analysis of
randomized controlled trials. Ann Med 2024 Dec;56(1):2332956. https://doi.
org/10.1080,/07853890.2024.2332956.

Johnson RJ, Mandell BF, Schlesinger N, Mount DB, Botson JK, Abdellatif AA,
Rhoades R, Singh JA. Controversies and practical management of patients with
gout and chronic kidney disease. Kidney Int 2024 Oct;106(4):573-82. https://
doi.org/10.1016/j.kint.2024.05.033.

Chen Y, Chen Y, Lin W, Fu L, Liu H, Pu S, Chen H, Yi H, Xue Y. Impact of
hyperuricemia and chronic kidney disease on the prevalence and mortality of
cardiovascular disease in cancer survivors. Cancer Med 2024 May;13(9):e7180.
https://doi.org/10.1002/cam4.7180.

Waheed YA, Liu J, Almayahe S, Sun D. The role of hyperuricemia in the
progression of end-stage kidney disease and its molecular prospective in
inflammation and cardiovascular diseases: a general review. Ther Apher Dial
2025 Feb 18. https://doi.org/10.1111/1744-9987.70000. Epub ahead of print.
Bhattarai AM, Gurung S, Adhikari A, Karki S, Pathak BD, Regmi B, Khadka M,
Yadav GK, Basnet S. Prevalence and clinical characteristics of hyperuricemia
among patients with chronic kidney disease under haemodialysis in a tertiary
care center: a cross-sectional study. Ann Med Surg 2024 Jan 15;86(3):1329-34.
https://doi.org/10.1097/MS9.0000000000001731.

Major TJ, Takei R, Matsuo H, Leask MP, Sumpter NA, Topless RK, Shirai Y,
Wang W, Cadzow MJ, Phipps-Green AJ, Li Z, Ji A, Merriman ME, Morice E,
Kelley EE, Wei WH, McCormick SPA, Bixley MJ, Reynolds RJ, Saag KG,
Fadason T, Golovina E, O’Sullivan JM, Stamp LK, Dalbeth N, Abhishek A,
Doherty M, Roddy E, Jacobsson LTH, Kapetanovic MC, Melander O, Andrés M,
Pérez-Ruiz F, Torres RJ, Radstake T, Jansen TL, Janssen M, Joosten LAB, Liu R,
Gaal OI, Crisan TO, Rednic S, Kurreeman F, Huizinga TWJ, Toes R, Lioté F,
Richette P, Bardin T, Ea HK, Pascart T, McCarthy GM, Helbert L, Stibirkova B,
Tausche AK, Uhlig T, Vitart V, Boutin TS, Hayward C, Riches PL, Ralston SH,
Campbell A, MacDonald TM, , FAST Study Group, Nakayama A, Takada T,
Nakatochi M, Shimizu S, Kawamura Y, Toyoda Y, Nakaoka H, Yamamoto K,
Matsuo K, Shinomiya N, Ichida K, , Japan Gout Genomics Consortium, Lee C, ,
Asia Pacific Gout Consortium, Bradbury LA, Brown MA, Robinson PC,
Buchanan RRC, Hill CL, Lester S, Smith MD, Rischmueller M, Choi HK, Stahl EA,
Miner JN, Solomon DH, Cui J, Giacomini KM, Brackman DJ, Jorgenson EM, ,
GlobalGout Genetics Consortium, Liu H, Susztak K, , 23andMe Research Team,
Shringarpure S, So A, Okada Y, Li C, Shi Y, Merriman TR. A genome-wide
association analysis reveals new pathogenic pathways in gout. Nat Genet 2024
Nov;56(11):2392-406. https://doi.org/10.1038/s41588-024-01921-5. Erratum
in: Nat Genet. 2024 Nov;56(11):2577. 10.1038/541588-024-02017-w.

Zuo T, Liu X, Jiang L, et al. Hyperuricemia and coronary heart disease mortality: a
meta-analysis of prospective cohort studies. BMC Cardiovasc Disord 2016;16(1):
207.

Zhao G, Huang L, Song M, Song Y. Baseline serum uric acid level as a predictor of
cardiovascular disease related mortality and all-cause mortality: a meta-analysis
of prospective studies. Atherosclerosis 2013 Nov;231(1):61-8. https://doi.org/
10.1016/j.atherosclerosis.2013.08.023.

Virdis A, Masi S, Casiglia E, Tikhonoff V, Cicero AFG, Ungar A, Rivasi G,
Salvetti M, Barbagallo CM, Bombelli M, Dell’Oro R, Bruno B, Lippa L, D’Elia L,
Verdecchia P, Mallamaci F, Cirillo M, Rattazzi M, Cirillo P, Gesualdo L, Mazza A,
Giannattasio C, Maloberti A, Volpe M, Tocci G, Georgiopoulos G, Iaccarino G,


https://doi.org/10.1016/j.ejim.2020.07.006
https://doi.org/10.1016/j.ejim.2020.07.006
https://doi.org/10.1016/j.amjhyper.2007.08.010
https://doi.org/10.3390/ijms23063188
https://doi.org/10.3390/ijms23063188
https://doi.org/10.1093/eurheartj/ehq473
https://doi.org/10.1093/eurheartj/ehq473
https://doi.org/10.1016/j.amjcard.2014.09.008
https://doi.org/10.1016/j.ijcard.2024.132906
https://doi.org/10.1016/j.numecd.2020.11.017
https://doi.org/10.1111/1744-9987.14252
https://doi.org/10.1111/1744-9987.14252
https://doi.org/10.1161/JAHA.121.023054
https://doi.org/10.1161/JAHA.121.023054
https://doi.org/10.1097/HJH.0000000000003319
https://doi.org/10.3390/metabo15010011
https://doi.org/10.3390/metabo15010011
https://doi.org/10.1097/01.asn.0000034910.58454.fd
https://doi.org/10.1097/01.asn.0000034910.58454.fd
https://doi.org/10.1093/ndt/gft029
https://doi.org/10.1161/01.HYP.0000072820.07472.3B
https://doi.org/10.1016/j.semnephrol.2020.12.004
https://doi.org/10.2215/CJN.01580210
https://doi.org/10.2215/CJN.01580210
https://doi.org/10.1186/s12882-022-02850-3
https://doi.org/10.1186/s12882-024-03491-4
https://doi.org/10.1056/NEJMoa1916624
https://doi.org/10.1056/NEJMoa1915833
https://doi.org/10.1093/ckj/sfaa236
https://doi.org/10.1093/ckj/sfaa236
https://doi.org/10.3390/cells11040626
https://doi.org/10.3390/medicina57010058
https://doi.org/10.1001/jamainternmed.2024.6212
https://doi.org/10.1001/jamainternmed.2024.6212
https://doi.org/10.1080/0886022X.2025.2470478
https://doi.org/10.1080/07853890.2024.2332956
https://doi.org/10.1080/07853890.2024.2332956
https://doi.org/10.1016/j.kint.2024.05.033
https://doi.org/10.1016/j.kint.2024.05.033
https://doi.org/10.1002/cam4.7180
https://doi.org/10.1111/1744-9987.70000
https://doi.org/10.1097/MS9.0000000000001731
https://doi.org/10.1038/s41588-024-01921-5
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0090
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0090
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0090
https://doi.org/10.1016/j.atherosclerosis.2013.08.023
https://doi.org/10.1016/j.atherosclerosis.2013.08.023
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092

C. Borghi et al.

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Nazzaro P, Parati G, Palatini P, Galletti F, Ferri C, Desideri G, Viazzi F,
Pontremoli R, Muiesan ML, Grassi G, Borghi C. Identification of the Uric acid
thresholds predicting an increased total and cardiovascular mortality over 20
years. Hypertension 2020;75(2):302-8.

Yin Y, Zhou E, Wu J. Association between hyperuricemia and long-term mortality
in patients with hypertension: results from the NHANES 2001-2018. Front
Cardiovasc Med 2024 Feb 6;11:1306026. https://doi.org/10.3389/
fcvm.2024.1306026.

Hao Y, Tang X, Xu F. Association between hyperuricemia and the risk of mortality
in patients with osteoarthritis: a study based on the National Health and Nutrition
Examination Survey database. PLoS One 2024 May 7;19(5):0302386. https://
doi.org/10.1371/journal.pone.0302386.

Rabbani MG, Alif SM, Tran C, Rickard AJ, Demos L, McNeil JJ, Karim MN. Higher
serum uric acid levels and risk of all-cause mortality in general population: a
systematic review and meta-analysis. Metabol Open 2025 May 16;26:100371.
https://doi.org/10.1016/j.metop.2025.100371.

Wang C, Che H, Zhou Y, Wang R, Zhu D, Cheng L, Rao C, Zhong Q, Li Z, Duan Y,
Xu J, Dong W, Bai Y, He K. Joint association of hyperuricemia and chronic kidney
disease with mortality in patients with chronic heart failure. Front Endocrinol
(Lausanne) 2023 Apr 5;14:1131566. https://doi.org/10.3389/
fendo.2023.1131566.

Gan TM, Yang Y, Mo GL, Wang SR, Li SH, Li JY. Relationship between Uric acid
and all-cause and cardiovascular mortality in individuals with hypertension. Int
Heart J 2025;66(3):427-35. https://doi.org/10.1536/1ihj.24-220.

Jiang H, Su Y, Liu R, Xu X, Xu Q, Yang J, Lin Y. Hyperuricemia and the risk of
stroke incidence and mortality: a systematic review and meta-analysis. Arch
Rheumatol 2025 Mar 17;40(1):128-43. https://doi.org/10.46497/
ArchRheumatol.2025.10808.

Acevedo-Fernandez M, Porchia LM, Elguezabal-Rodelo RG, Lopez-Bayghen E,
ME Gonzalez-Mejia. Concurrence of hyperinsulinemia and hyperuricemia
significantly augmented all-cause mortality. Nutr Metab Cardiovasc Dis 2023 Sep;
33(9):1725-32. https://doi.org/10.1016/j.numecd.2023.05.023.

Lu Z, LuF, Zhang R, Guo S. Interaction between anemia and hyperuricemia in the
risk of all-cause mortality in patients with chronic kidney disease. Front
Endocrinol (Lausanne) 2024 Mar 22;15:1286206. https://doi.org/10.3389/
fendo.2024.1286206.

Casiglia E, Tikhonoff V, Virdis A, Masi S, Barbagallo CM, Bombelli M. Serum uric
acid and fatal myocardial infarction: detection of prognostic cut-off values: the
URRAH (Uric Acid Right for Heart Health) study. J Hypertens 2020 Mar;38(3):
412-9.

Kim SY, Guevara JP, Kim KM, et al. Hyperuricemia and risk of stroke: a systematic
review and metaanalysis. Arthritis Rheum 2009;61(7):885-92.

Song Y, Cai W, Jiang L, Xu J, Yao Y, Xu N, Wang X, Liu Z, Zhang Z, Zhang Y,
Guo X, Wang Z, Feng Y, Wang Q, Li J, Zhao X, Chen J, Gao R, Song L, Han Y,
Yuan J. Effect of high sensitivity C-reactive protein on uric acid-related
cardiometabolic risk in patients with coronary artery disease-a large multicenter
prospective study. Sci Rep 2024 Nov 26;14(1):29350. https://doi.org/10.1038/
541598-024-75508-9.

Mahomed FA. On chronic bright’s disease, and its essential symptoms. Lancet
1879;113(2890):76-8.

Mazzali M, Kanellis J, Han L, Feng L, Xia YY, Chen Q, Kang DH, Gordon KL,
Watanabe S, Nakagawa T, Lan HY, Johnson RJ. Hyperuricemia induces a primary
renal arteriolopathy in rats by a blood pressure-independent mechanism. Am J
Physiol Renal Physiol 2002 Jun;282(6):F991-7. https://doi.org/10.1152/
ajprenal.00283.2001.

Shimizu M, Kasai T, Naito R, Sato A, Ishiwata S, Yatsu S, Shitara J, Matsumoto H,
Murata A, Kato T, Suda S, Hiki M, Kuwabara M, Murase T, Nakamura T, Daida H.
Overnight changes in uric acid, xanthine oxidoreductase and oxidative stress
levels and their relationships with sleep-disordered breathing in patients with
coronary artery disease. Hypertens Res 2023 Oct;46(10):2293-301. https://doi.
0rg/10.1038/541440-023-01331-w.

Doehner W, Rauchhaus M, Florea VG, Sharma R, Bolger AP, Davos CH, Coats AJ,
Anker SD. Uric acid in cachectic and noncachectic patients with chronic heart

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

European Journal of Internal Medicine 142 (2025) 106432

failure: relationship to leg vascular resistance. Am Heart J 2001 May;141(5):
792-9. https://doi.org/10.1067/mhj.2001.114367.

Tian Xue, Chen Shuohua, Xu Qin, Wang Penglian, Zhang Yijun, Zhang Xiaoli,
Luo Yanxia, Wu Shouling, Wang Anxin. PhD cumulative serum uric acid exposure
and its time course with the risk of incident stroke. Stroke 2023;54. https://doi.
org/10.1161/STROKEAHA.123.042708. 00-00.

Li M, Hou W, Zhang X, Hu L, Tang Z. Hyperuricemia and risk of stroke: a
systematic review and meta-analysis of prospective studies. Atherosclerosis 2014
Feb;232(2):265-70. https://doi.org/10.1016/j.atherosclerosis.2013.11.051.

Qin T, Zhou X, Wang J, Wu X, Li Y, Wang L, Huang H, Li J. Hyperuricemia and the
prognosis of hypertensive patients: a systematic review and meta-analysis. J Clin
Hypertens (Greenwich) 2016 Dec;18(12):1268-78. https://doi.org/10.1111/
jch.12855.

Tian X, Wang A, Wu S, Zuo Y, Chen S, Zhang L, Mo D, Luo Y. Cumulative serum
uric acid and its time course are associated with risk of myocardial infarction and
all-cause mortality. J Am Heart Assoc 2021 Jul 6;10(13):e020180. https://doi.
org/10.1161/JAHA.120.020180.

Huang G, Qin J, Deng X, et al. Prognostic value of serum uric acid in patients with
acute heart failure: a meta-analysis. Medicine 2019;98(8):e14525.

Muiesan M.L., Salvetti M., Virdis A., Masi S., Casiglia E., Tikhonoff V., et al.
Serum uric acid, predicts heart failure in a large Italian cohort: search for a cut-off
value the URic acid Right for heArt Health study. J Hypertens. 2021 Jan;39(1):
62-69.

He C, Lin P, Liu W, et al. Prognostic value of hyperuricemia in patients with acute
coronary syndrome: a meta-analysis. Eur J Clin Invest 2019;49(4):e13074.
Wang R, Song Y, Yan Y, et al. Elevated serum uric acid and risk of cardiovascular
or all-cause mortality in people with suspected or definite coronary artery disease:
a meta-analysis. Atherosclerosis 2016;254:193-9.

Luo Q, Xia X, Li B, et al. Serum uric acid and cardiovascular mortality in chronic
kidney disease: a meta-analysis. BMC Nephrol 2019;20(1):18.

Clarson LE, Chandratre P, Hider SL, et al. Increased cardiovascular mortality
associated with gout: a systematic review and meta-analysis. Eur J Prev Cardiol
2015;22(3):335-43.

Shao Y, Shao H, Sawhney MS, et al. Serum uric acid as a risk factor of all-cause
mortality and cardiovascular events among type 2 diabetes population: meta-
analysis of correlational evidence. J Diabet Complications 2019;33(10):107409.
Li B, Chen L, Hu X, Tan T, Yang Y, Bao W, Rong S. Association of serum uric acid
with all-cause and cardiovascular mortality in diabetes. Diab Care 2023;46:
425-33.

FitzGerald JD, Dalbeth N, Mikuls T, Brignardello-Petersen R, Guyatt G,

Abeles AM, et al. 2020 American College of rheumatology guideline for the
management of gout. Arthritis Rheumatol 2020;72(6):879-95. https://doi.org/
10.1002/art.41247.

Zhao BR, Hu XR, Wang WD, Zhou Y. Cardiorenal syndrome: clinical diagnosis,
molecular mechanisms and therapeutic strategies. Acta Pharmacol Sin 2025 Jun;
46(6):1539-55. https://doi.org/10.1038/541401-025-01476-z.

Burnier M. Gout and hyperuricaemia: modifiable cardiovascular risk factors?
Front Cardiovasc Med 2023 May 25;10:1190069. https://doi.org/10.3389/
fcvm.2023.1190069.

Roman YM. The role of uric acid in Human health: insights from the uricase gene.
J Pers Med 2023 Sep 20;13(9):1409. https://doi.org/10.3390/jpm13091409.
Benn CL, Dua P, Gurrell R, Loudon P, Pike A, Storer RI, Vangjeli C. Physiology of
hyperuricemia and urate-lowering treatments. Front Med (Lausanne) 2018 May
31;5:160. https://doi.org/10.3389/fmed.2018.00160.

Khosla UM, Zharikov S, Finch JL, Nakagawa T, Roncal C, Mu W, Krotova K,
Block ER, Prabhakar S, Johnson RJ. Hyperuricemia induces endothelial
dysfunction. Kidney Int 2005 May;67(5):1739-42. https://doi.org/10.1111/
j.1523-1755.2005.00273.x.

Muiesan ML, Agabiti-Rosei C, Paini A, Salvetti M. Uric Acid and cardiovascular
Disease: an update. Eur Cardiol 2016 Aug;11(1):54-9. https://doi.org/10.15420/
ecr.2016:4:2.


http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0092
https://doi.org/10.3389/fcvm.2024.1306026
https://doi.org/10.3389/fcvm.2024.1306026
https://doi.org/10.1371/journal.pone.0302386
https://doi.org/10.1371/journal.pone.0302386
https://doi.org/10.1016/j.metop.2025.100371
https://doi.org/10.3389/fendo.2023.1131566
https://doi.org/10.3389/fendo.2023.1131566
https://doi.org/10.1536/ihj.24-220
https://doi.org/10.46497/ArchRheumatol.2025.10808
https://doi.org/10.46497/ArchRheumatol.2025.10808
https://doi.org/10.1016/j.numecd.2023.05.023
https://doi.org/10.3389/fendo.2024.1286206
https://doi.org/10.3389/fendo.2024.1286206
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0101
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0101
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0101
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0101
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0102
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0102
https://doi.org/10.1038/s41598-024-75508-9
https://doi.org/10.1038/s41598-024-75508-9
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0104
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0104
https://doi.org/10.1152/ajprenal.00283.2001
https://doi.org/10.1152/ajprenal.00283.2001
https://doi.org/10.1038/s41440-023-01331-w
https://doi.org/10.1038/s41440-023-01331-w
https://doi.org/10.1067/mhj.2001.114367
https://doi.org/10.1161/STROKEAHA.123.042708
https://doi.org/10.1161/STROKEAHA.123.042708
https://doi.org/10.1016/j.atherosclerosis.2013.11.051
https://doi.org/10.1111/jch.12855
https://doi.org/10.1111/jch.12855
https://doi.org/10.1161/JAHA.120.020180
https://doi.org/10.1161/JAHA.120.020180
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0112
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0112
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0114
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0114
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0115
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0115
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0115
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0116
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0116
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0117
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0117
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0117
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0118
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0118
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0118
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0119
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0119
http://refhub.elsevier.com/S0953-6205(25)00312-7/sbref0119
https://doi.org/10.1002/art.41247
https://doi.org/10.1002/art.41247
https://doi.org/10.1038/s41401-025-01476-z
https://doi.org/10.3389/fcvm.2023.1190069
https://doi.org/10.3389/fcvm.2023.1190069
https://doi.org/10.3390/jpm13091409
https://doi.org/10.3389/fmed.2018.00160
https://doi.org/10.1111/j.1523-1755.2005.00273.x
https://doi.org/10.1111/j.1523-1755.2005.00273.x
https://doi.org/10.15420/ecr.2016:4:2
https://doi.org/10.15420/ecr.2016:4:2

	Crystal clear – part I: The role of uric acid in cardiorenal disease
	1 Uric acid: an evolutionary legacy with dual implications
	2 The vascular face of uric acid: friend, foe, or both?
	3 The cardiovascular burden of uric acid
	4 Rethinking uric acid in chronic kidney disease: from biomarker to target
	5 Uric acid and mortality
	6 Beyond gout: rethinking uric acid in modern medicine
	Declaration of interest
	References


