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A B S T R A C T   

Serum uric acid (SUA) is significantly elevated in obesity, gout, type 2 diabetes mellitus, and the metabolic 
syndrome and appears to contribute to the renal, cardiovascular and pulmonary comorbidities that are associated 
with these disorders. Most previous studies have focused on the pathophysiologic effects of high levels of uric 
acid (hyperuricemia). More recently, research has also shifted to the impact of hypouricemia, with multiple 
studies showing the potentially damaging effects that can be caused by abnormally low levels of SUA. Along with 
these observations, recent inconclusive data from human studies evaluating the treatment of hyperuricemia with 
xanthine oxidoreductase (XOR) inhibitors have added to the debate about the causal role of UA in human disease 
processes. SUA, which is largely derived from hepatic degradation of purines, appears to exert both systemic pro- 
inflammatory effects that contribute to disease and protective antioxidant properties. XOR, which catalyzes the 
terminal two steps of purine degradation, is the major source of both reactive oxygen species (O2.-, H2O2) and 
UA. This review will summarize the evidence that both elevated and low SUA may be risk factors for renal, 
cardiovascular and pulmonary comorbidities. It will also discuss the mechanisms through which modulation of 
either XOR activity or SUA may contribute to vascular redox hemostasis. We will address future research studies 
to better account for the differential effects of high versus low SUA in the hope that this will identify new 
evidence-based approaches for the management of hyperuricemia.   

1. Introduction 

Uric Acid (UA) is the end product of purine metabolism in all cells 
and is produced exclusively through the oxidation of xanthine and hy
poxanthine by the enzyme xanthine oxidoreductase (XOR) [1]; a reac
tion that is necessary for the removal of nitrogenous waste products 
from the body. In humans, 3.0–6.8 mg/dL (178–400 μM) are considered 
normal levels of serum uric acid (SUA); however, many factors can in
fluence these values such as age, gender and many disease processes. 
The pathophysiologic role of uric acid has been studied in a wide variety 
of disease processes and debated for decades, yet a complete under
standing is still not at hand. Physiologically, UA plays a protective role 
as an antioxidant by scavenging singlet oxygen and preventing lipid 
peroxidation. It is believed that UA accounts for anywhere from 30 to 

50% of the body’s normal antioxidant capacity. We also have a good 
understanding of the role uric acid plays at levels of frank hyperuricemia 
(SUA >6.1 mg/dL) when uric acid crystal deposition can occur, resulting 
in the known pathologic process of gout [2]. Gout is highly prevalent 
worldwide (e.g., ~3.9% of USA adults) [3] and has driven the devel
opment of medications aimed at lowering SUA through inhibition of the 
XOR enzyme, increasing urinary uric acid excretion (Uricosurics) or 
degrading soluble urate (Uricases) [2]. 

Since the early 2000s, research regarding UA has expanded to 
evaluate how UA impacts the body at both the high and low ends of what 
we have defined as physiologically normal (3.0–6.8 mg/dL) and how 
that definition of normal changes with different patient populations. For 
example, in patients with Type 2 Diabetes Mellitus (T2DM) [4–6] and 
metabolic syndrome (MetS) [6–8], hyperuricemia and excess XOR 
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activity is common. Studies have shown that both T2DM and MetS are 
associated with increased cancer risk and chronic inflammation, and the 
possibility has been raised that hyperuricemia might be related to the 
increased risk of cancer incidence and metastasis [9,10]. Studies have 
also suggested that patients presenting with hyperuricemia are at a 
greater risk for cardiovascular (CV) and renal disease [11–14], further 
suggesting a link between hyperuricemia and human cardiorenal and 

metabolic diseases [15]. More recently, research has also shifted to the 
impact of hypouricemia, with multiple studies showing the potentially 
detrimental effects that can be caused by abnormally low levels of SUA 
that are not merely explained by its antioxidant capacity [16–34]. These 
studies indicate that uric acid plays a significant role in both physiology 
and pathology with the idea of a U-shaped association existing between 
SUA level and the prevalence and mortality in many diseases. 

Fig. 1. Causes of Abnormal Serum Uric Acid (SUA). Both causes of abnormal high level of serum uric acid (hyperuricemia) and low level of serum uric acid level 
(hypouricemia) have primary and secondary etiologies as listed. The main cause of secondary hypouricemia is following uric acid lowering treatment (ULT). 

Fig. 2. Consequences of hypouricemia. Complications of both hereditary (primary) and ULT induced (secondary) hypouricemia have been listed. The most 
important of these is the ULT induced major adverse cardiovascular events (MACE). 
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This review will highlight much of the current research regarding U- 
shaped associations with SUA as it relates to all-cause mortality, car
diovascular events and mortality, renal damage, neurologic disease, and 
other diseases including its potential impact on lung disorders. We will 
also discuss the results of past and ongoing clinical trials of mediations 
aimed at lowering SUA and how a U-shaped effect could be used to 
explain their findings. We will conclude with a discussion regarding the 
challenges to the current scope of research regarding UA and address 
ways in which we can develop future research studies to better account 
for U-shaped effects. 

2. Pathophysiology of serum uric acid 

Traditionally, the normal range of SUA has been defined as 3.0–6.8 

mg/dL (178–400 μM). However, the idea of a one-size-fits-all mentality 
for UA is outdated, for it fails to account for the variability associated 
with age, gender, race, and comorbid diseases. Additionally, with many 
factors influencing purine metabolism, abnormalities in SUA are often 
multifactorial and variable among patients. 

Hyperuricemia is a common disorder affecting ~3.9% of USA adults 
[3]. It most commonly arises via decreased renal UA excretion, either as 
a result of primary genetic mechanisms or secondarily due to factors 
including functional renal impairment, hypertension, insulin resistance, 
obesity, and urate-elevating medications including thiazides and loop 
diuretics (Fig. 1). It can also be caused by UA overproduction, increased 
purine consumption, decreased small intestinal urate excretion, or a 
combination of all these mechanisms. Excessive SUA levels can result in 
precipitation of uric acid crystals in the connective tissue of joints 

Table 1 
Epidemiologic studies evaluating U-Shaped effect of uric acid.  

Year Reference Study Population Gender Measurement Low SUA High SUA Ref: 

2000 Verdecchia 
et al. 

Essential HTN M/F All-Cause /CV Events and 
Mortality 

Men: <4.5 mg/dL 
Women: <3.2 mg/dL 

Men: >6.2 mg/dL 
Women: >4.6 mg/dL 

[45] 

2004 Hsu SP et al. ESRD M/F All-Cause Mortality ≤6.0 mg/dL ≥9.0 mg/dL [16] 
2006 Suliman ME 

et al. 
ESRD M/F CV Mortality <5.3 mg/dL >8.9 mg/dL [44] 

2007 A. Mazza et al. Elderly patients with NIDDM M/F CV Mortality ≤0.29 mmol/L (4.9 mg/ 
dL)a 

≥0.37 mmol/L (6.2 mg/ 
dL)a 

[17] 

2010 Seet et al. Asian patients with AIS M/F Functional outcomes <280 μM/dL (4.7 mg/ 
dL)a 

>410 μM/dL (6.9 mg/ 
dL)a 

[46] 

2011 Latif, W. et al. ESRD M/F All-Cause /CV Mortality <8.2 mg/dL ≥8.2 mg/dL [18] 
2012 Lapsia et al. Preoperative CV patients M/F AKI <7.0 mg/dL ≥7.0 mg/dL [47] 
2013 Feng et al. Peritoneal dialysis M/F All-Cause Mortality ≤7.0 mg/dL ≥10.0 mg/dL [20] 
2013 Huang et al. Japanese adult males M Muscle Strength <5.4 mg/dL ≥6.8 mg/dL [48] 
2014 Dahle et al. Renal transplant patients M/F All-Cause /CV Mortality 151–309 μM (2.6–5.2 

mg/dL) a 
474–870 μM (8.0–14.7 
mg/dL) a 

[21] 

2015 Kanda et al. Healthy individuals M/F Loss of Kidney Function/AKI <5.0 mg/dL ≥6.5 mg/dL [22] 
2016 Bae et al. ESRD M/F All-Cause Mortality <5.5 mg/dL ≥8.5 mg/dL [23] 
2016 Li et al.b Healthy individuals with no history 

of DM. 
M/F Fasting plasma glucose (FPG) – – [49] 

2016 Oh et al. Renal transplant patients M/F Allograft survival ≤5.0 mg/dL >8 mg/dL [24] 
2016 Zhang et al. Healthy Japanese adults M/F CV Mortality Men: <4.6 mg/dL 

Women: <3.3 mg/dL 
Men: >6.7 mg/dL 
Women: >5.1 mg/dL 

[50] 

2017 Kamei et al. Healthy Japanese adults M/F Incidence of nonfatal stroke Men: ≤4.9 mg/dL 
Women: ≤3.7 mg/dL 

Men: ≥7.1 mg/dL 
Women: ≥5.5 mg/dL 

[51] 

2017 Gwag et al. Vasospastic Angina (VSA) M/F Major Adverse Cardiac Events 
(MACE) 

≤4.8 mg/dL ≥6.0 mg/dL [25] 

2017 Hsieh et al. CAPD patients M/F Technique failure in PD ≤8.0 mg/dL >8.0 mg/dL [26] 
2017 Hsieh et al. CAPD patients M/F Residual Renal Function (RRF) <0.372 mmol/L (6.3 mg/ 

dL) a 
≥0.421 mmol/L (7.1 mg/ 
dL) a 

[27] 

2017 Kang et al. Healthy adults M/F All-Cause Mortality ≤4.0 mg/dL >8.0 mg/dL [28] 
2017 Lee et al. Postmenopausal women F Arterial Stiffness ≤3.8 mg/dL ≥5.0 mg/dL [29] 
2017 Matsukuma 

et al. 
Patients with IgAN M/F Development of ESRD Men: <6.1 mg/dL 

Women: <4.4 mg/dL 
Men: >7.0 mg/dL 
Women: >5.3 mg/dL 

[30] 

2017 Uedono et al. Healthy individuals M/F Intrarenal hemodynamic 
parameters 

<3.5 mg/dL >6.0 mg/dL [31] 

2017 Wang et al.b Chinese adults with a normal glucose 
tolerance test 

M/F Fasting Plasma Glucose (FPG) – – [52] 

2018 Cho et al. General population M/F All-Cause, CV, and Cancer- 
related Mortality 

Men <3.5 mg/dL 
Women <2.5 mg/dL 

Men ≥9.5 mg/dL 
Women ≥8.5 mg/dL 

[32] 

2018 Srivastava et al. CKD M/F Kidney Failure and All-Cause 
Mortality 

1.9–6.0 mg/dL 8.7–15.2 mg/dL [43] 

2018 Tseng et al. Elderly patients M/F All-Cause /CV Mortality <3 mg/dL ≥10.0 mg/dL [34] 
2018 Yang et al. First-ever AIS M/F Functional outcomes <190 μmol/L (3.2 mg/ 

dL)a 
>358 μmol/L (6.1 mg/ 
dL) 

[53] 

2018 Latourte et al. Healthy adults M/F Incidence of dementia Men: <260 μmol/L (4.4 
mg/dL) a 

Women: <209 μmol/L 
(3.5 mg/dL) a 

Men: ≥345 μmol/L (5.8 
mg/dL) a 

Women: ≥292 μmol/L 
(4.9 mg/dL) a 

[54] 

2018 Zhou et al. Pregnancy F Maternal blood pressure <0.140 mmol/L (2.4 mg/ 
dL) a 

>0.140 mmol/L (2.4 mg/ 
dL) a 

[55] 

2018 Zhou et al. Pregnancy F Fetal growth <0.267 mmol/L (4.5 mg/ 
dL) a 

>0.267 mmol/L (4.5 mg/ 
dL) a 

[56] 

HTN: Hypertension; ESRD: End-Stage Renal Disease; NIDDM: Non-Insulin Dependent Diabetes Mellitus; AIS: Acute Ischemic Stroke; AKI; Acute Kidney injury; CAPD: 
Continuous Ambulatory Peritoneal Dialysis; IgAN: IgA Nephropathy; CKD: Chronic Kidney Disease. 

a Values in parentheses are a conversion to mg/dL for comparison. 
b Study did not primarily group patients based on SUA. 

W.T. Crawley et al.                                                                                                                                                                                                                             



Redox Biology 51 (2022) 102271

4

leading to gouty arthritis and in the renal tubules leading to acute 
tubular necrosis. 

Conversely, hypouricemia is less common than hyperuricemia with 
studies estimating a prevalence of 0.51–1.39% [35–37]. Hypouricemia 
can be the result of either renal UA hyperexcretion or underproduction 
due to hereditary and iatrogenic causes (Fig. 2). Hereditary hypour
icemia is often the result of genetic mutations in urate transporter 1 
(URAT1/SLC22A12) or glucose transporter 9 (GLUT9/SLC2A9) [38,39]. 
Although generally asymptomatic, research has shown that hereditary 
hypouricemic patients are at increased risk for exercise-induced acute 
kidney injury potentially due to greater levels of filtered UA exceeding 
its reabsorption capacity [40–42]. This is in contrast to iatrogenic 
hypouricemia which is most commonly the result of urate-lowering 
therapies (ULT). The clinical significance of iatrogenic hypouricemia 
has not been well established. Additionally, complications resulting 
from hereditary hypouricemia have not been observed in iatrogenic 
cases. This raises the need for additional research to elucidate further the 
role of uric acid and the potential complications of hypouricemia sec
ondary to uric acid lowering treatment (ULT). 

3. U-shaped association of serum uric acid and overall cause 
mortality 

Many studies have sought to evaluate the association between SUA 
and all-cause mortality, and whether SUA level can be used as an in
dependent risk factor for all-cause mortality (Table 1). These studies 
have been conducted in various patient populations including healthy 
individuals [28,32], elderly patients [34], patients with chronic kidney 
disease (CKD) [43], and patients undergoing renal replacement therapy 
[16,18,20,23,44], all with varying results and study defined values for 
high and low SUA. Cho et al. conducted a retrospective analysis of 375, 
163 healthy participants in South Korea. The study revealed that SUA 
and all-cause mortality exhibited a U-shaped association in both men 
and women [32]. This association remained significant even after the 
authors adjusted for possible covariates such as body mass index (BMI), 
smoking status, alcohol intake, exercise, hypertension, diabetes, high 
cholesterol, and baseline glomerular filtration rate (GFR) [32]. This 
result is in slight contrast to a prospective study conducted in South 
Korea by Kang et al. in which they evaluated 27,490 healthy individuals 
(28). Primary results showed a U-shaped association between SUA and 
all-cause mortality in men and women, but only the association in men 
remained significant after adjusting for covariates [28]. Of particular 
interest in the Kang et al. study was that the lowest SUA group (<4 
mg/dl) had a 35% increased mortality risk after covariate adjustment 
[28]. 

Another recent study published in 2018 by Tseng et al. evaluated the 
clinical impact of SUA in elderly patients. This retrospective analysis of 
127,771 elderly patients initially showed a similar result to that of the 
Cho et al. [32] demonstrates that both low (<4 mg/dL) and high (>8 
mg/dL) levels of SUA were independently associated with increased risk 
of all-cause mortality [34]. This association remained significant for the 
high SUA group but diminished for the low SUA group when adjustment 
was made for malnourishment [34]. 

In 2004, Hsu et al. conducted a retrospective analysis of patients with 
CKD on hemodialysis to evaluate the clinical impact of SUA on all-cause 
mortality [16]. The study was one of the first to show a U-shaped as
sociation in which the risk of all-cause mortality increased at both low 
(≤6.5 mg/dL) and high (≥9.0 mg/dL) levels of SUA [16]. In three 
prospective follow-up studies of patients with CKD (Stages 2–4) [43] and 
end-stage renal disease (ESRD) [23,44], similar results were obtained; 
all documenting a U-shaped relationship between SUA and the risk of 
all-cause mortality. Suliman et al. even noted that patients with ESRD 
and an SUA ≥9.0 mg/dL had an independent 2.0-fold increased risk of 
mortality [44]. 

These results differ from a later study by Latif et al. in which they 
evaluated the association of SUA and all-cause mortality in chronic 

hemodialysis patients [18]. This study concluded that mortality did 
increase in patients with a uric acid less than 8.2 mg/dL but decreased in 
patients with high SUA (≥8.2 mg/dL), suggesting a potentially protec
tive effect of high UA in hemodialysis patients [18]. Specific to patients 
on continuous ambulatory peritoneal dialysis (CAPD), Feng et al. 
concluded that high SUA (≥10 mg/dL) was an independent risk factor 
for all-cause mortality [20]. This association did not remain significant 
for low SUA (≤7.0 mg/dL) after adjusting for covariates such as 
malnutrition and diabetes [20], suggesting that nutritional status may 
have an impact on the production of uric acid. 

3.1. U-shaped association of serum uric acid and xanthine 
oxidoreductase activity with cardiac events and mortality 

Just as with all-cause mortality, cardiac specific mortality and events 
are a major area of research as it relates to SUA and XOR activity. One of 
the reasons this area has become so highly researched is that multiple 
epidemiologic studies have reported a relationship between SUA and 
cardiovascular risk factors such as hypertension and metabolic syn
drome [57]. One of the major populations at risk for hyperuricemia is 
patients with chronic kidney disease (CKD) due to their decreased ability 
to clear UA and dialysis patients that have a well-documented increase 
in the risk of cardiovascular disease (CVD) and sudden cardiac death 
(SCD) [58]. Evaluating the role of SUA as an independent risk factor and 
measuring changes in SUA in response to therapy as an assessment tool 
for the risk of cardiac events and mortality has proven difficult. One 
major challenge is that CVD is an enormous and broad category, 
encompassing a wide range of pathologic conditions and patient pop
ulations. Many studies have either evaluated narrowly specific types of 
CVD such as vasospastic angina (VSA) [25] or specific populations such 
as postmenopausal women [29] (Table 1). These results have made it 
difficult to extrapolate the data to a larger and more general population. 

One of the earliest studies to propose a U-shaped association between 
SUA and cardiovascular events was the PIUMA study published in 2000 
by Verdecchia et al. [45]. The study evaluated 1,720 individuals with 
essential HTN but no history of CVD, renal disease, cancer, or other 
significant medical problems. They showed increased risk at both high 
and low SUA leads to the study endpoint of CV events and all-cause 
mortality. In one of the few studies to evaluate a general population, 
Zhang et al. evaluated 36,313 Japanese individuals using data from the 
Evidence for Cardiovascular Prevention from Observational Cohorts in 
Japan study (EPOCH-JAPAN) [50]. Individuals were between the age of 
35–89 and had no history of stroke, coronary heart disease, or cancer at 
baseline. They concluded that there was a U-shaped association between 
SUA and increased risk of CVD mortality in both men and women. No 
significant association was observed between SUA and mortality from 
non-CVD related mortality [50]. 

Two retrospective studies by A. Mazza et al. [17] and Tseng et al. 
[34] sought to evaluate the association between SUA and cardiovascular 
mortality in elderly patients (Age>65), with A. Mazza et al. specifically 
evaluating elderly patients with non-insulin dependent diabetes mellitus 
[17]. Both studies found a U-shaped association between SUA and car
diovascular mortality in both men and women [17,34]. Tseng et al. 
specifically noted an incremental increase in the risk of cardiovascular 
mortality at SUA>7 mg/dL and SUA<4 mg/dL [34]. The Tseng et al. 
study also evaluated the role of malnourishment in hypouricemia and 
found that the risk of cardiovascular mortality was strongly associated 
with the level of malnourishment as measured by the Geriatric Nutri
tional Risk Index (GNRI). This association was not statistically signifi
cant in patients without malnourishment [34]. 

A cross-sectional study by Dahle et al. evaluated patients who had 
undergone kidney transplantation and how SUA affected patient out
comes(21). They concluded that high SUA (474–870 μM; 8.0–14.7 mg/ 
dL) was an independent risk factor for both all-cause and cardiovascular 
mortality and that low SUA (151–309 μM; 2.6–5.2 mg/dL) was associ
ated with increased risk of mortality in patients with type 1, type 2, or 

W.T. Crawley et al.                                                                                                                                                                                                                             



Redox Biology 51 (2022) 102271

5

new onset diabetes but not in nondiabetic patients [21]. 
Two unique population studies evaluated the risk of Major Adverse 

Cardiac Events (MACE) in patients with vasospastic angina (VSA) [25] 
and arterial stiffness in postmenopausal women [29]. The VSA study by 
Gwag et al. concluded that in patients with pure VSA, SUA less than or 
equal to 4.8 mg/dL was associated with a statistically significant in
crease in the risk of a MACE, while high SUA (≥6.0 mg/dL) did not have 
a statistically significant association with the risk of MACEs [25]. There 
was no association between SUA and risk of MACEs in patients with 
mixed VSA [25]. Following menopause, women are known to have 
increased SUA that advances with age [59]. This served as the basis for 
the study by Lee et al. that evaluated the relationship between SUA and 
arterial stiffness in postmenopausal women [29]. Arterial stiffness was 
determined by measuring the patient’s brachial-ankle pulse wave ve
locity (ba-PWV). From this data, they concluded that there was a 
U-shaped association between SUA and arterial stiffness in post
menopausal Korean females [29]. A very recent retrospective study in 1, 
117 patients with infective endocarditis (IE) found a U-shaped rela
tionship between the UA level and in-hospital death. The study 
concluded that both low and high levels of UA were predictive of 
increased short-term mortality in IE patients [60]. Also the same kind of 
study in 728 patients undergoing long-term peritdstoneal dialysis 
showed both SUA levels below 360 μmol/L and above 420 μmol/were 
found to be significant risk factors for developing CV events [61]. 

One of the most important research areas related to cardiac events 
and SUA is the activity of XOR, the enzyme responsible for the genera
tion of uric acid [1]. Studies by both Fujimura et al. [62] and Otaki et al. 
[63] evaluated the association between the activity of the XOR enzyme 
and the risk of cardiac events. The study by Fujimura et al. retrospec
tively evaluated 408 patients admitted to the cardiac unit at Osaka 
Medical College in Japan. They concluded that there was a U-shaped 
association between XOR activity and the prevalence of a decreased left 
ventricular ejection fraction (LVEF) and increased brain natriuretic 
peptide (BNP) levels, both of which are used as markers of cardiac dis
ease [62]. This association remained significant even after adjustment 
for characteristics such as age, sex and BMI, and patient-specific values 
such as hemoglobin A1C and diuretic use [62]. In a prospective evalu
ation of patients with a known history of congestive heart failure (CHF) 
by Otaki et al., patients were stratified based on their XOR activity, a 
U-shaped association between XOR activity and the risk of cardiac 
events was also shown [63]. 

3.2. U-shaped association of serum uric acid and renal disease 

Renal function is one of the most important factors in the mainte
nance of UA homeostasis. The renal system is responsible for reab
sorbing about 90% of the urate that is filtered, while also excreting 
60–70% of the body’s total UA [64]. This delicate interplay between 
SUA level, renal function, and associated renal disease makes for a 
frequent area of research. However, just as with CVD, the category of 
renal disease is broad and encompasses many different subcategories 
such as acute kidney injury (AKI) and chronic kidney disease (CKD) 
which complicates the ability to generalize conclusions regarding SUA 
and renal disease. Research regarding the association between SUA and 
renal damage has been evaluated in healthy individuals, AKI, CKD, 
kidney transplant, hemodialysis, and peritoneal dialysis patients 
(Table 1). 

It is known that frank hyperuricemia due to increased UA production 
and decreased renal UA filtration can cause intratubular crystal pre
cipitation resulting in acute tubular necrosis (ATN), a form of AKI [2]. 
Still, the association of SUA and AKI at levels below that of crystal 
precipitation is unclear. This was the focus of a 2012 study by Lapsia 
et al. in which they evaluated patients undergoing cardiovascular sur
gery and measured whether preoperative SUA was related to the 
development of AKI postoperatively [47]. Using a multivariate analysis, 
they concluded that SUA was an independent risk factor for the 

development of AKI and that both patients with low SUA and high SUA 
preoperatively (As defined by the study) had increased risk of devel
oping AKI postoperatively [47]. A prospective study in 2015 by Kanda 
et al. evaluated the association between SUA and the risk of AKI in 9,847 
healthy individuals in Japan with no medical history of CKD [22]. They 
showed a U-shaped association existed between SUA and the risk of 
diminishing kidney function in men, but not in women. In women, they 
found that only high SUA (≥6.5 mg/dL) was associated with an 
increased risk of kidney function loss. In both men and women, they 
concluded that low SUA (<5.0 mg/dL) was associated with decreased 
GFR [22]. 

As a follow up to that study, Uedono et al. sought to evaluate asso
ciations between SUA and the intrarenal hemodynamic parameters of 
renal plasma flow (RPF) and GFR in a small cohort of healthy individuals 
(n = 48). Using multivariate regression analysis, they concluded that 
SUA (<3.5 and >6.0 mg/dL) had an independent U-shaped association 
with decreased GFR and RPF [31]. They also concluded a significant and 
independent U-shaped association between SUA (<3.5 and >6.0 mg/dL) 
and increased afferent renal arteriolar resistance and decreased 
glomerular hydrostatic pressure. No association between SUA and 
efferent renal arteriolar resistance was noted [31]. 

Studies by Matsukuma et al. [30] and Srivastava et al. [43] evaluated 
the association between SUA and the development of renal failure in 
patients with CKD. The study by Matsukuma et al. evaluated patients 
with immunoglobulin A nephropathy (IgAN), which is the most common 
cause of glomerulonephritis worldwide [30]. They concluded that high 
SUA (Men >7.0 mg/dL and Women >5.3 mg/dL) was independently 
associated with an increased risk of developing ESRD. When they 
evaluated low SUA though (Men <6.1 mg/dL and Women <4.4 mg/dL), 
they found that only women had an increased risk of developing ESRD 
[30]. In the study by Srivastava et al., they evaluated patients with CKD 
(Stages 2–4) who were part of the Chronic Renal Insufficiency Cohort 
(CRIC) [43]. They concluded that in patients with CKD stage 3a or 
earlier (GFR≥45), high SUA (8.7–15.2 mg/dL) was associated with an 
increased risk of developing renal failure. This was in contrast to pa
tients with CKD stage 4 (GFR<30) in which they found that for each one 
standard deviation greater UA concentration, patients had an indepen
dently associated 18% reduction in the risk of developing renal failure 
[43]. This result indicates a possible renal protective effect of hyper
uricemia in patients with advanced CKD, which is similar to the result of 
a possible cardioprotective effect noted in the study by Latif et al. of 
chronic hemodialysis patients [18]. A 2016 study by Oh et al. evaluated 
SUA in living donor kidney transplant recipients. They found that SUA 
had an independent J-shaped association with the risk of loss of allograft 
kidney function [24]. 

Two retrospective studies, both by Hsieh et al., sought to evaluate 
how SUA is associated with peritonitis-related technique failure(26) and 
residual renal function (RRF) [27] in patients receiving continuous 
ambulatory peritoneal dialysis (CAPD). The first study evaluated the risk 
of technique failure and divided patients into two groups based on their 
baseline SUA (≤8.0 mg/dL and >8.0 mg/dL). They concluded that high 
SUA (>8.0 mg/dL) was independently associated with an increased risk 
of dialysis technique failure as compared to the normouricemic group 
(8.0 mg/dL) and that the elevated SUA group had a greater rate of 
peritonitis related failure [26]. The second study evaluated the associ
ation between SUA and RRF, an important prognostic indicator in CAPD. 
They concluded a U-shaped association between SUA and the rate of 
decline in RRF [27]. 

3.3. U-shaped association of serum uric and Neurological disease 

One of the more recent areas of research regarding SUA has been in 
neurologic diseases and events (Table 1). A 2017 study by Kamei et al. 
[51] evaluated the association between SUA and nonfatal stroke. They 
used data from 155,322 Japanese individuals collected between 2008 
and 2010 as part of the annual “Specific Health Check and Guidance in 
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Japan.” They found that there was a strong independent association 
between elevated SUA and increased incidence of nonfatal stroke. They 
also noted that there was an increased risk of stroke seen in individuals 
with lesser SUA levels, suggesting a U-shaped association between SUA 
and the risk of nonfatal stroke [51]. 

Recently, the association between SUA and functional outcomes 
following an acute ischemic stroke (AIS) was evaluated in a recent 2018 
study by Yang et al. [53]. They evaluated 710 Chinese adults following a 
first-time AIS to determine whether SUA was an independent risk factor 
of an unfavorable functional outcome three months following the AIS. 
When patients were stratified into deciles based on their SUA at the time 
of the AIS, there was a statistically significant U-shaped relationship 
between SUA and the risk of unfavorable outcomes in Chinese adults. 
This result was in agreement with a 2010 study by Seet et al. that found 
that both low (<280 μM; 4.7 mg/dL) and high SUA (>410 μM; 6.9 
mg/dL) resulted in decreased functional outcomes in patients with AIS 
[46]. 

Research regarding a possible neuroprotective role of UA as it relates 
to dementia has been controversial. This was the focus of a study by 
Latourte et al. [54] in which they followed 1,598 study participants over 
a median follow-up of 10 years. The assessed the association between 
SUA and dementia, as well as brain aging markers noted on MRI. They 
found that the risk of dementia increased with increasing levels of SUA 
and that the association was strongest with vascular and mixed forms of 
dementia as compared to Alzheimer’s. These results add more uncer
tainty as to the possible protective or degenerative role UA may play in 
dementia. 

3.4. Potential role of U-Shape effect of uric acid in chronic obstructive 
pulmonary disease and pulmonary hypertension 

With regard to lung diseases, the effect of UA on disease pathogenesis 
is not precisely apparent. UA has been found in respiratory secretions 
from the nose to the alveolus and is believed to play an important role in 
the protection of the respiratory epithelium from oxidants and inhaled 
toxins [65]. Many of the currently available studies have specifically 
examined the role of UA in chronic obstructive pulmonary disease 
(COPD), a disorder characterized by chronic inflammation [66] and 
associated with significant morbidity and mortality [67–69]. Also, an 
association of elevated serum uric acid (UA) in patients with pulmonary 
hypertension (PH) has been shown in 80% of adults and 60% of pedi
atric patients [70–74]. There are many potential mechanisms respon
sible for the elevated level of UA in cases with PH, some of which could 
be associated with disease pathogenesis (i.e. UA induced insulin resis
tance) [75]. Beside chronic renal disease which accounts for 10–15% of 
cases of PH with hyperuricemia [76], tissue hypoxia appears to be the 
most common reason for the high level of serum UA in patients with PH 
likely due to activation of xanthine oxidoreductase and increased purine 
metabolism with resultant uric acid production [77]. 

Studies have sought to evaluate SUA as a possible novel biomarker 
for respiratory disease and inflammation. Areas studied have included 
the relationship between SUA and acute exacerbations of COPD 
(AECOPD), global initiative for COPD (GOLD) criteria, and pulmonary 
function tests. Unfortunately, the results are limited and have been 
mainly inconclusive or contradictory. 

In terms of an acute exacerbation of COPD (AECOPD), some studies 
have concluded that an elevated SUA at the time of admission to the 
hospital was associated with increased mortality at 30-days [78,79], 
1-year [80], and overall [81]. However, other studies have concluded 
that there is no correlation between SUA and acute in-hospital [82] or 
1-year mortality [78,81,83] following an AECOPD. In terms of 
morbidity, one study found no relationship between GOLD criteria and 
SUA but did find that patients with increased SUA had greater rates of 
hospitalization and antibiotic requirements [83]. Additionally, greater 
levels of SUA were associated with increased airflow limitations [84] 
and decreased FEV1 [85,86] on pulmonary function testing. Two studies 

evaluated the role of lower SUA in active smokers and concluded that 
lesser levels correlated with greater rates of COPD diagnosis and more 
severe disease [87,88]. 

These results indicate that both high and low levels of UA can be 
associated with worse morbidity and mortality in patients with COPD. 
While the idea of a U-shaped effect was not directly assessed in any of 
these studies, the results of the various study designs and inconsistencies 
between the results could likely be explained by this idea. We propose 
that future study designs focus on assessing the possible U-shaped effect 
of UA in pulmonary disease. 

3.5. U-shaped association of serum uric acid and other disorders 

While all-cause mortality, cardiovascular events and mortality, renal 
damage, and neurologic disease have been four of the most researched 
areas with regards to a U-shaped association of SUA, a handful of studies 
have evaluated this association in other areas as well (Table 1). A 2013 
study by Huang et al. looked at SUA and sarcopenia in Japanese adult 
males. Their study evaluated how both low (<5.4 mg/dL) and high SUA 
(≥6.8 mg/dL) impacted the development of sarcopenia as measured by 
grip strength and leg extension power [48]. They concluded that there 
was an inverted J-shaped (U-shaped) association between SUA and both 
grip strength and leg extension power. Additionally, there was a statis
tically significant association between elevated SUA (≥6.8 mg/dL) and 
decreased grip strength even after adjustment for potential confounding 
factors such as age, BMI, diet, and comorbidities. 

Two cross-sectional studies by Li et al. [49] and Wang et al. [52] 
sought to evaluate the relationship between SUA and fasting plasma 
glucose (FPG). Li et al. evaluated data from 100,348 adult individuals in 
China with no history of diabetes mellitus (DM) that were part of routine 
health screenings. Wang et al. evaluated 11,183 adult individuals in 
China. Both studies concluded a U-shaped relationship existed between 
FPG and SUA with Li et al. only looking at non-diabetic individuals and 
Wang et al. evaluating all individuals as a representation of the general 
population. 

Lastly, two community-based cohort studies, both by Zhou et al., 
sought to assess the role of SUA on maternal blood pressure and fetal 
growth during pregnancy, respectively [55,56]. They noted that previ
ous research had concluded a positive association between elevated SUA 
and the development of gestational hypertension, but no previous study 
has evaluated the impact of low SUA [55]. Data was collected from 1223 
pregnant women who were part of the prospective Pregnancy Outcomes 
and Community Health (POUCH) study, which measured SUA during 
mid-pregnancy [89]. In regards to maternal blood pressure, they found 
that while there was a positive linear association between SUA and 
systolic blood pressure (SBP), both diastolic blood pressure (DBP) and 
mean arterial pressure (MAP) had a J-shaped relationship with SUA 
[55]. From these results, they concluded that a U-shaped association 
exists and that both high and low SUA are risk factors for the develop
ment of gestational hypertension [55]. When evaluating fetal growth 
during pregnancy, they used infant birth weight and gestational age to 
calculate gestation age-specific birthweight z-scores. They found that for 
infants who were small for gestational age (SGA), a U-shaped association 
existed and that both high and low SUA was associated with lower birth 
weight z-scores [56]. Among infants who were appropriate for gesta
tional age (AGA), there was no significant association and for large for 
gestational age (LGA) infants, the relationship was linear [56]. 

4. Potential impact of U-Shaped association of serum uric acid 
on the outcome of uric acid lowering clinical trials 

While the adverse clinical effects of frank hyperuricemia are well 
documented, newer research has begun supporting the idea of adverse 
effects occurring within the upper limits of the current “normal range.” 
This evidence has led to the development of an increasing number of 
pharmaceutical agents aimed at reducing SUA levels. In this section, we 
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Table 2 
Summary of clinical trials evaluating urate lowering therapies (ULTs).  

Year Author Trial n Population Intervention 
(mg) 

Duration Measured Endpoints Result P-Value Ref 

2005 Becker et al. – 153 Gout Febuxostat 
(40, 80, or 
120) or 
Placebo 

28 days SUA <6.0 mg/dL Febuxostat was more 
effective than placebo 

<0.001 [106] 

2005 Becker et al. FACT 762 Gout Febuxostat (80 
or 120) or 
Allopurinol 
(300) 

52 
weeks 

SUA <6.0 mg/dL Febuxostat was more 
effective than 
Allopurinol 

<0.001 [111] 

2006 Siu et al. – 54 CKD Allopurinol 
100–300 vs. 
usual therapy 

1 year Reduced BP and 
slowing serum 
creatinine increase 

No difference in 
systolic or diastolic 
blood pressure 

N/S [94] 

Serum creatinine 
trended lesser with 
treatment. 

N/S 

2008 Schumacher 
et al. 

APEX 1,072 Gout Febuxostat 
(80, 120, 240), 
Allopurinol 
(100 or 300), 
or Placebo 

28 
weeks 

SUA <6.0 mg/dL At all doses, 
Febuxostat was more 
effective than 
Allopurinol or 
placebo 

≤0.05 [112] 

2008 Hare et al. OPT-CHF 405 CHF Oxypurinol 
600 or Placebo 

24 
weeks 

Clinical Improvement 
of NYHA HF class 

Oxypurinol did not 
produce clinical 
improvement. 

N/S [102] 

2009 Schumacher 
et al. 

FOCUS 116 Gout Febuxostat 
[40–120] 

5 years SUA <6.0 mg/dL Febuxostat resulted in 
the maintenance of 
SUA <6.0 mg/dL. 

– [107] 

2009 Becker et al. – 1,086 Gout Febuxostat (80 
or 120) or 
Allopurinol 
(300) 

31–40 
months 

SUA <6.0 mg/dL Better goal SUA 
maintenance with 
Febuxostat than 
Allopurinol 

– [114] 

2010 Becker et al. CONFIRMS 2,269 Gout Febuxostat (40 
or 80) or 
Allopurinol 
(200–300) 

6 
months 

SUA <6.0 mg/dL Greater dose (80 mg) 
Febuxostat was the 
most efficacious ULT. 

<0.001 [113] 

2010 Momeni et al. – 40 Diabetic 
Nephropathy 

Allopurinol 
100 vs. 
Placebo 

4 
months 

Reduction of 
proteinuria 

24-h protein was 
lesser in Allopurinol 
group 

<0.049 [97] 

2010 Goicoechea 
et al. 

– 113 CKD Allopurinol 
100 vs. 
continuation 
of usual 
therapy 

2 years Renal disease 
progression, CV 
events, and 
hospitalizations. 

Allopurinol 
decreased:  

[91] 

Renal Disease 
Progression 

0.018 

CV events 0.039 
Hospitalization risk 0.033 

2011 Kao et al. – 53 CKD + LVH Allopurinol 
300 vs. 
Placebo 

9 
months 

Change in Left 
Ventricular Mass Index 
and Endothelial 
Function 

Allopurinol reduced 
LVH 

0.036 [100] 

Allopurinol improved 
endothelial function 

0.009 

2011 Kanbay et al. – 97 Asymptomatic 
Hyperuricemia 

Allopurinol 
300 vs. No 
Treatment 

4 
months 

Endothelial Function 
and eGFR 

Allopurinol Improved 
endothelial function 

0.003 [95] 

Allopurinol preserved 
renal function (eGFR) 

0.001 

2012 European 
Medicines 
Agency 

Studies 
C0405 and 
C0406 

212 Gout Placebo x2wks 
Pegloticase 8 
mg × 2wks 
Pegloticase 8 
mg × 4wks 

6 
months 

SUA <6.0 mg/dL Pegloticase has a 
dose-dependent 
response of lowering 
SUA 

<0.001 [133] 

2013 Pai et al. – 183 CKD Allopurinol 
100 vs. No 
Treatment 

2 years CKD Progression Allopurinol preserved 
renal function (eGFR) 

0.4* [93] 

2014 Hosoya et al. – 123 CKD Topiroxostat 
160 vs. 
Placebo 

22 
weeks 

SUA and eGFR Topiroxostat 
decreased SUA 

<0.0001 [134] 

No change in eGFR N/S 
2015 Goicoechea 

et al. 
– 107 CKD Allopurinol 

100 vs. 
Placebo 

7 years Renal and CV events Reduction of Renal 
Events 

0.004 [92] 

Reduction of CV 
Events 

0.02 

2015 Sircar et al. – 93 CKD Febuxostat 40 
vs. Placebo 

6 
months 

eGFR Febuxostat slowed 
eGFR decline 

0.05 [108] 

2015 Givertz et al. EXACT-HF 253 Hyperuricemia 
+ H.F. 

Allopurinol 60 
vs. Placebo 

24 
weeks 

Change in clinical 
status 

No significant change 
in the composite 
clinical endpoints 

N/S [101] 

2016 Xiao et al. – 125 Normouricemic 
patients with 
chronic HF. 

Allopurinol 
300 vs. Control 

6 
months 

Cardiac Function Allopurinol improved 
parameters of cardiac 
function 

<0.01 [99] 

(continued on next page) 
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Table 2 (continued ) 

Year Author Trial n Population Intervention 
(mg) 

Duration Measured Endpoints Result P-Value Ref 

2016 Weng et al. – 2,460 CKD • Febuxostat 
“ab initio” (n 
= 40) 
• Other ULT to 
Febuxostat (n 
= 206) 
• Other ULT (n 
= 2,214) 

1 year eGFR Febuxostat preserved 
renal function (eGFR) 

<0.001 [109] 

2016 Saag et al. CLEAR 1 603 Gout Lesinurad 
200/400 +
Allopurinol vs. 
Placebo +
Allopurinol 

12 
months 

SUA <6.0 mg/dL at 6 
months 

Combination of 
Lesinurad +
Allopurinol was more 
efficacious 

<0.0001 [128] 

2016 Bardin et al. CLEAR 2 610 Gout Lesinurad 
200/400 +
Allopurinol vs. 
Placebo +
Allopurinol 

12 
months 

SUA <6.0 mg/dL at 6 
months 

Combination of 
Lesinurad +
Allopurinol was more 
efficacious 

<0.001 [129] 

2017 Krishnamurthy 
et al. 

– 100 Hyperuricemic 
Males 

Allopurinol 
200 vs. No 
Treatment 

3.4 years eGFR Allopurinol preserved 
renal function (eGFR) 

<0.01 [96] 

2017 Jalal et al. – 80 CKD Allopurinol 
300 vs. 
Placebo 

12 
weeks 

Endothelial Function Allopurinol did not 
improve endothelial 
function 

N/S [98] 

2017 Stamp et al. – 183 Gout Constant dose 
(269 mg/day) 
of Allopurinol 
(n = 93) or 
Allopurinol 
dose- 
escalation (n 
= 90) 

12 
months 

Reduction in SUA and 
TEAE 

Dose-escalation was 
more efficacious in 
lowering SUA 

<0.001 [105] 

2017 Tausche et al. LIGHT 214 Gout Lesinurad 400 
vs. Placebo 

6 
months 

SUA <6.0 mg/dL Lesinurad was more 
effective than placebo 

<0.0001 [130] 

2017 Dalbeth et al. CRYSTAL 324 Gout Lesinurad 
200/400 +
Febuxostat vs. 
Placebo +
Febuxostat 

12 
months 

SUA <5.0 mg/dL at 
month 6 

Combination of 
Lesinurad 400 +
Febuxostat was most 
efficacious 

<0.0001 [131] 

2018 Kimura et al. FEATHER 443 CKD Febuxostat 
dose escala 
tion to 40 mg/ 
day vs. Placebo 

108 
weeks 

eGFR No difference in eGFR 
decline 

N/S [110] 

2018 Coburn et al. – 12,856 Gout Current dose of 
Allopurinol (n 
= 6,428) or 
Allopurinol 
dose- 
escalation (n 
= 6,428) 

10 years All-Cause Mortality Increase mortality 
associated with 
Allopurinol dose- 
escalation 

HR 
1.08+

[104] 

2018 Wada et al. UPWARD 65 Hyperuricemia 
and Diabetic 
Nephropathy 

Topiroxostat 
160 vs. 
Placebo 

28 
weeks 

Change in urinary 
Albumin:Creatinine 
and eGFR. 

Topiroxostat 
preserved renal 
function (eGFR). 

0.0303 [135] 

No change in urinary 
Albumin: Creatinine 

N/S 

2018 White et al. CARES 6,190 Gout + CVD Allopurinol 
(200–600) vs. 
Febuxostat 
[40–80] 

32 
months 

First occurrence of 
cardiovascular death, 
nonfatal myocardial 
infarction, nonfatal 
stroke, or urgent 
revascularization for 
unstable angina 

Increase mortality 
and Cardiovascular 
events associated 
with Febuxostat 

0.047 [116] 

Nonfatal Myocardial 
Infarction 

N/S 

Nonfatal Stroke 
Urgent 
Revascularization for 
Unstable Angina 

2020 MacDonald 
et al. 

FAST 6,142 Hyperuricemia, 
with ≥1 
additional CV 
risk factor 

Febuxostat 
[80–120] vs. 
Allopurinol 
(100–900) 

36 
months 

First occurrence of the 
Anti-Platelet Trialists’ 
Collaboration (APTC) 
cardiovascular 
endpoint of non-fatal 
myocardial infarction, 
non-fatal stroke or 
cardiovascular death 

Febuxostat is non- 
inferior to allopurinol 
therapy with respect 
to the primary 
cardiovascular 
endpoint, and its 
long-term use is not 
associated with an 
increased risk of 
death or serious 

<0⋅0001 [118] 

(continued on next page) 
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discuss many of the past clinical trials and their significance (Tables 2 
and 3), as well as some of the ongoing clinical trials aimed at evaluating 
the safety and efficacy of these pharmaceutical agents (Table 4). 
Tables 2–4 are arranged based on the date of publication and highlights 
many significant past and ongoing clinical trials. 

Historically, the first-line medication used for the treatment of hy
peruricemia has been Allopurinol, a purine-like analog that acts through 
inhibition of the enzyme xanthine oxidase (XO) [90]. It has been widely 
studied in many different patient populations and evaluated for safety 
and clinical efficacy. Multiple studies have sought to evaluate the use of 
Allopurinol in patients with CKD and CVD and whether it can be used to 
improve renal and cardiovascular parameters. In patients with CKD 
stages 3–4, some studies have shown a potential renal protective effect 
through reduced disease progression as measured by serum creatinine 
and eGFR [91–93]. On the other hand, another study failed to show any 
significant change in serum creatinine [94]. In two studies of patients 
with hyperuricemia but no history of CKD, Allopurinol treatment was 
shown to improve eGFR [95] and decrease serum creatinine levels [96]. 
In patients with diabetic nephropathy, treatment with Allopurinol was 
shown to reduce levels of 24-h urine protein [97]. 

In terms of CVD, Allopurinol has been hypothesized to have pro
tective effects through improvement of vascular endothelial function. 
Multiple studies have attempted to evaluate this by looking at blood 
pressure, flow-mediated vasodilation, Ejection Fraction (EF), and other 
parameters, with mixed results. Some studies have shown improved 
blood pressure control in hyperuricemic patients both with [93] and 
without CKD [95]. Conversely, another study in patients with CKD 
concluded no significant change in systolic or diastolic blood pressure 
[94] and another found no change in endothelial function as measured 
by flow-mediated dilation [98]. In patients with Heart Failure (HF), two 
studies concluded that Allopurinol use improved cardiac function [99, 
100], while the results of the EXACT-HF and OPT-CHF studies found no 
statistically significant changes with Allopurinol use [101,102]. A large 
ongoing multicenter prospective study, known as the ALL-HEART study, 
is being conducted to evaluate Allopurinol use in patients over the age of 
60 with a history of ischemic heart disease (IHD). The primary measured 
outcome is a composite of non-fatal myocardial infarction, non-fatal 
stroke, or cardiovascular death. Secondary outcomes include all-cause 
mortality, quality of life and cost-effectiveness of allopurinol [103]. 

A recently published large propensity-matched cohort study evalu
ated whether there is a dose-related protective effect with Allopurinol 
use [104]. The study used a 10-year observational, active-comparator 
design in which they evaluated patients who received care through 
the Veterans Health Administration (VHA) between 1999 and 2010. 
They reviewed the records of 12,856 individuals diagnosed with gout 
and who were receiving Allopurinol for treatment. They found that there 
was no association between dose escalation and improved survival, and 
that dose escalation was associated with a small (<10%) increase in 
all-cause mortality [104] (Table 3). The authors note that the results are 
limited due to the suboptimal dosing that was noted among all patients 

including dose-escalators. A much smaller prospective study (n = 183) 
also evaluated Allopurinol dose escalation and found that 
dose-escalation resulted in significantly more patients achieving a goal 
SUA of <6.0 mg/dL [105]. The study found no difference in mortality 
and only a slight difference in the rate of cardiovascular events, with 9% 
occurring in the control group and 12% in the Allopurinol group 
(Table 3). 

While Allopurinol is still the most widely used medication for the 
management of hyperuricemia, several newer medications have been 
developed over the past decade. These additional pharmaceutical agents 
have allowed for the development of combination therapies resulting in 
greater and faster reductions in SUA. Approved for use by the Federal 
Drug Administration (FDA) in 2009, Febuxostat has become a widely 
prescribed xanthine-oxidase inhibitor (XOI), with the American College 
of Rheumatology (ACR) even initially recommending it as a first-line 
treatment for the management of gout along with Allopurinol [90]. In 
two placebo-controlled trials, Febuxostat was shown to decrease SUA 
more effectively than the placebo [106], a result maintained through the 
5-year follow-up study [107]. Additional studies have evaluated 
Febuxostat’s use in patients with CKD and whether it has any renal 
protective effects. Two studies, one 6 months in duration and the other 
one 12 months found that treatment with Febuxostat in patients with 
CKD slowed eGFR decline [108,109]. A third study of 108 weeks 
duration found no change in eGFR with Febuxostat treatment [110]. 

Since the development of non-purine analogs such as Febuxostat, 
there have been numerous studies comparing their efficacy to that of 
Allopurinol [111–114]. The results of these studies have indicated that 
Febuxostat is equal to, if not more efficacious than, Allopurinol at 
lowering SUA at comparable doses, which is consistent even in patients 
with mild-moderate renal impairment [112,113]. Following these initial 
phase II and III clinical trials, it was noted that in the Febuxostat 
treatment groups, there was a greater rate of all-cause mortality, car
diovascular mortality, and cardiovascular thromboembolic events [90]. 
These results prompted the FDA to request additional clinically 
controlled safety data, which came in the form of the 2010 CONFIRMS 
trial, a 6-month study of 2,269 patients with gout and hyperuricemia 
[113]. CONFIRMS again demonstrated the clinical efficacy of Febuxo
stat at lowering SUA as compared to Allopurinol and also showed no 
statistically significant difference in all-cause mortality, cardiovascular 
events, or cardiovascular mortality between the treatment groups [113]. 

As a result of the previous clinical trials and pending its approval in 
2009, the FDA required that Febuxostat’s manufacturer conduct a post- 
marketing “randomized controlled trial of adequate size and duration to 
determine whether the use of Uloric (Febuxostat) is associated with a 
moderate increase in the risk of serious adverse cardiovascular outcomes 
as compared to Allopurinol” [115]. The resulting study became known 
as CARES (Cardiovascular Safety of Febuxostat and Allopurinol in Par
ticipants with Gout and Cardiovascular Comorbidities), a multicenter, 
double-blinded, noninferiority trial that evaluated 6,190 individuals 
with gout and known CVD. The study compared Febuxostat to 

Table 2 (continued ) 

Year Author Trial n Population Intervention 
(mg) 

Duration Measured Endpoints Result P-Value Ref 

adverse events 
compared with 
allopurinol. 

2019 Kojima et al. FREED 1,070 Hyperuricemia, 
with ≥1 
additional CV 
risk factor 

Febuxostat 
10–40 vs. 
Allopurinol 
100 (If SUA 
elevated) 

36 
months 

Development of 
cerebral or 
cardiorenovascular 
events and all deaths 

Febuxostat lowers 
uric acid and delays 
the progression of 
renal dysfunction. 

0.041 [122] 

*P-value indicates no significant change from baseline, indicating no disease progression. 
+Study calculated hazard ratios (HR) instead of p-values. 
TEAE: Treatment-Emergent Adverse Event; N/S: Non-Significant; NYHA: Ney York Heart Association; LVH: Left Ventricular Hypertrophy; ALT: Alanine 
Aminotransferase. 
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Table 3 
Treatment-Emergent Adverse Events (TEAE).  

Year Study Study Group (mg) Serious TEAE Cardiovascular Specific 
Events 

Fatal Events Ref 

2005 Becker et al. Placebo 0% – 0% [106] 
Febuxostat 3% (3/115) – 0% 

2005 Becker et al. (FACT) Allopurinol 8% (19/253) – 0% [111] 
Febuxostat [80] 4% (11/256) – <1% (2/256) 
Febuxostat [120] 8% (21/251) – <1% (2/251) 

2008 Schumacher et al. Placebo 1% (2/134) <1% (1/134) 0% [112] 
Allopurinol 4% (11/267) 2% (5/267) 0% 
Febuxostat [80] 3% (9/269) 2% (5/269) 0% 
Febuxostat [120] 4% (5/134) <1% (1/134) 0% 
Febuxostat (240) 3% (7/268) <1% (1/268) 0% 

2008 Hare et al. (OPT-CHF) Placebo – 2% (4/202)+ 3% (6/202) [102] 
Oxypurinol (600) – 4% (8/203)+ 5% (10/203) 

2009 Schumacher et al. (FOCUS) Febuxostat (40–120) 18% (21/116) 5% (6/116) 0% [107] 
2009 Becker et al. Allopurinol (300) 21 events (12 per patient-year) 5 events (3 per patient-year) 0% [114] 

Febuxostat [80] 165 events (11 per patient- 
year) 

46 events (3 per patient-year) 7 (<1 per patient-year) 

Febuxostat [120] 73 events (9 per patient-year) 17 events (2 per patient-year) 3 (<1 per patient-year) 
2010 Becker et al. (CONFIRMS) Allopurinol (200/300) 4.1% (31/756) 0.4% (3/756) 0.26% (2/756) [113] 

Febuxostat [40] 2.5% (19/757) 0% 0% 
Febuxostat [80] 3.7% (28/756) 0.4% (3/756) 0% 

2010 Goicoechea et al. Allopurinol 0% 27% (15/56) 4% (2/56) [91] 
Usual Treatment 0% 12% (7/57) 0% 

2011 Kao et al. Placebo 12% (3/26) – 0% [100] 
Allopurinol (300) 11% (3/37) – 0% 

2012 European Medicines 
Agency 

Placebo 11.6% (5/43) 0% 2.3% (1/43) [133] 
Pegloticase 8 mg every 4wks 22.6% (19/84) 3.6% (3/84) 2.4% (2/84) 
Pegloticase 8 mg every 2wks 23.5% (20/85) 4.7% (4/85) 3.5% (3/85) 

2014 Hosoya et al. Placebo 3% (2/60) – 0% [134] 
Topiroxostat [160] 3% (2/62) – 0% 

2015 Goicoechea et al. Placebo 43% (24/56)++ 28% (16/57) 0% [92] 
Allopurinol [100] 16% (9/57)++ 41% (23/56) 0% 

2015 Sircar et al. Placebo 0% 0% 0% [108] 
Febuxostat [40] 0% 0% 0% 

2015 Givertz et al. (EXACT-HF) Placebo 15% (19/125) 2% (2/125) 6% (7/125) [101] 
Allopurinol [60] 20% (25/128) 2% (2/128) 6% (8/128) 

2016 Xiao et al. Control 0% 3.2% (2/63) 1.6% (1/63) [99] 
Allopurinol (300) 1.6% (1/62) 8.1% (5/62) 0% 

2016 Saag et al. (CLEAR 1) Placebo + Allopurinol 5.5% (11/201) 3.5% (7/201)+++ 0% [128] 
Lesinurad (200) +
Allopurinol 

4.5% (9/201) 4.5% (9/201)+++ 0.5% (1/201) 

Lesinurad (400) +
Allopurinol 

8% (16/201) 4.0% (8/201)+++ 0% 

2016 Bardin et al. (CLEAR 2) Placebo + Allopurinol 3.9% (8/206) 5.3% (11/206)+++ 0% [129] 
Lesinurad (200) +
Allopurinol 

4.4% (9/204) 3.9% (8/204)+++ 0% 

Lesinurad (400) +
Allopurinol 

9.5% (19/200) 3.0% (6/200)+++ 1% (2/200) 

2017 Jalal et al. Placebo 0%^ 0% 0% [98] 
Allopurinol (300) 0%^ 2.6% (1/39) 2.6% (1/39) 

2017 Stamp et al. Current Dose of Allopurinol 27% (25/93) 9% (8/93) 5.4% (5/93) [105] 
Allopurinol Dose-Escalation 24% (22/90) 12% (11/90) 5.6 (5/90) 

2017 Tausche et al. (LIGHT) Placebo 3.7% (4/107) 0.9% (1/107) 0% [130] 
Lesinurad (400) 8.4% (9/107) 0.9% (1/107) 0.9% (1/107) 

2017 Dalbeth et al. (CRYSTAL) Placebo + Febuxostat 9.2% (10/109) 1.8% (2/109) 0% [131] 
Lesinurad (200) +Febuxostat 5.7% (6/106) 5.7% (6/106) 0.9% (1/106) 
Lesinurad (400) +Febuxostat 8.3% (9/109) 3.7% (4/109) 0.9% (1/109) 

2018 Kimura et al. (FEATHER) Placebo 16.7% (37/222) 3.2% (7/222) 0.5% (1/222) [110] 
Febuxostat 21.9% (48/219) 1.8% (4/219) 0.5% (1/219) 

2018 Coburn et al. Current Dose of Allopurinol – 18.1 per 1,000 person-years+ 38.7 per 1,000 person- 
years 

[104] 

Allopurinol Dose-Escalation – 19.8 per 1,000 person-years+ 42.5 per 1,000 person- 
years 

2018 Wada et al. (UPWARD) Placebo 9.1% (2/22) – 0% [135] 
Topiroxostat [160] 7.0% (3/43) 0% 

2018 White et al. (CARES) Allopurinol (200–600) 10.4% (321/3092) 3.2% (100/3092)^^ 6.4% (199/3092) [116] 
Febuxostat [40–80] 10.8% (335/3098) 4.3% (134/3098)^^ 7.8% (243/3098) 

TEAE: Treatment-Emergent Adverse Event. 
-Not reported by the study. 
+Cardiovascular mortality reported. 
++ Serious renal adverse events reported+++Includes both MACE and non-MACE (Major Adverse Cardiovascular Events). 
^Total TEAEs (Study did not specify serious TEAEs). 
^^Specifically Rate of Cardiovascular Death. 
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Allopurinol with a primary composite endpoint of major adverse cardiac 
events (MACE). The CARES trial results were published in March 2018 
and showed that while there was no significant difference in the primary 
end-point of MACEs, the rates of all-cause mortality and cardiovascular 
mortality were greater with Febuxostat than Allopurinol [116]. This 
result was significant because of its potential clinical implications and 
even prompted the FDA to issue a safety alert regarding Febuxostat 
[117]. As a result of the CARES trial, there was much anticipation for 
another prospective large RCT evaluating Febuxostat versus Allopurinol 
in patients with known CV risk factors (FAST trial) [118] and more 
clinical trials that were focused on the cardiovascular safety of XOIs 
[119–123]. However, the conclusions of these trials were not unani
mous. Specifically, the conclusions of the FAST study differ from those of 
CARES with regard to secondary endpoints, despite similar trial sizes. 
While CARES showed an excess of cardiovascular death and all-cause 
mortality during the on-treatment [116]. This excess was not observed 
in FAST(118). The reasons for the differences between the two results 
may include: A) the baseline characteristics of the two trials were 
different, including the proportion of patients with established cardio
vascular disease at baseline, the severity of cardiovascular disease, the 
severity of gout, B) the doses of study medication were different, C) the 
proportion of patients discontinued treatments, and the loss rate of 
follow-up of CARES was much greater than that of FAST, so the bias of 
CARES was greater than that of FAST. While the results of FAST study 
appear to be robust and reassuring in regards of cardiovascular toler
ance, it does not allow firm conclusions to be drawn about patients with 
severe cardiovascular disease [124]. 

A recent systematic review and meta-analysis of randomized control 
trials of xanthine oxidase inhibitors was published in February 2018 
[125]. The review evaluated randomized control trials (RCTs) of 
purine-like drugs such as Allopurinol and non-purine drugs such as 
Febuxostat. Outcomes evaluated were MACE, mortality, total cardiac 
events (TCE), and CV specific events. Reviewed RCTs were published in 
PubMed, EMBASE, Web of Science, Cochrane Central, and Lilacs prior to 
December 2016. In total, they included 81 articles which accounted for 
10,684 patients and 6434 patient-years [125]. They concluded that 
treatment with Allopurinol protected myocardial infarction, hyperten
sion, TCE, and serious TCE. On meta-regression, it was noted that 
increasing doses of Allopurinol were associated with an increased risk of 
TCE, especially at doses exceeding 300 mg/day, possibly indicating a 
loss of CV protection [125]. There was no significant increased or 
decreased risk of CV events noted with Febuxostat. 

Lesinurad is a selective uric acid reuptake inhibitor that acts through 
inhibition of the uric acid transporter 1 (URAT1) [126]. It has been 
approved for use at a dose of 200 mg in combination with an XOI such as 
Allopurinol or Febuxostat [127]. It is not approved for use as a mono
therapy or at doses greater than 200 mg due to increases in 
treatment-emergent adverse events (TEAE) and cardiovascular events 
(Table 3) [128–131]. Pegloticase is a newer class of medication that acts 
as a recombinant uricase enzyme, allowing for the conversion of uric 
acid to the more soluble allantoin. Pegloticase is typically reserved for 
refractory cases of hyperuricemia due to a dose-dependent increase in 
Treatment-Emergent Adverse Events (TEAEs) including hemolytic ane
mia and cardiovascular events (Table 3) [132,133]. 

5. What are the mechanisms that might link the U-shape 
association of serum UA levels to cardiovascular comorbidities? 

The mechanism underlying the U-shaped association between 
plasma UA levels and cardiovascular events remains unknown. The 
previously asked questions and uncertainties regarding the differential 
physiologic vs the pathogenic role of plasma UA and XOR in vascular 
function are still unanswered and valid [136]. In this section, we will 

only focus on the potential mechanisms that could link hyperuricemia 
and uric acid lowering treatment (ULT) to cardiovascular comorbidities. 
These mechanisms could also explain some of the injurious effects we 
see in other organ systems.  

A) Mechanisms of hyperuricemia induced vascular inflammation 
and remodeling. 

UA has been found to activate inflammatory signaling pathways in 
vascular smooth muscle cells including the stimulation of MCP-1, COX- 
2, and the ERK and p38 MAP Kinases involved in their activation [137]. 
In hyperuricemic animal models, an elevated level of UA is associated 
with arteriolosclerotic vascular disease, characterized by vascular 
medial wall thickening, vascular smooth muscle cell proliferation, and 
luminal narrowing [138,139]. UA has been proposed to directly 
contribute to both essential hypertension and pulmonary hypertension 
[136,140]. The principal arguments surrounding UA as a risk factor 
related to the diverse effects of UA on oxidative stress, endothelial 
dysfunction, activation of the renin-angiotensin system, and restriction 
of NO bioavailability. Furthermore, modulating hyperuricemia with the 
XOR inhibitor allopurinol improves vascular parameters in hypertensive 
adolescents [141]. Mechanistically, UA stimulates endothelin-1 
expression associated with NADPH oxidase, decreases endothelial NO 
production, increases arginase production, inhibits L-arginine transport, 
and can directly inactivate NO along with other pro-inflammatory pro
cess with potential vascular toxicity [142,143]. UA has also been found 
to decrease endothelial nitric oxide synthase (eNOS/NOS3) activity 
(144) (Fig. 3). This may be of great significance for the development of 
hypertension since genome-wide association studies (GWAS) have 
identified the eNOS down-regulating SNP rs3918226 as a highly sig
nificant (p = 2.58.10− 13) risk factor for the development of hypertension 
(145).  

B) Potential mechanisms involved in Urate Lowering Treatment (ULT) 
induced cardiovascular injury. 

Despite above observations regarding the detrimental effects of hy
peruricemia on vascular inflammation, recent reports including the 
potential U-shaped association of plasma XOR activity with low LVEF 
and elevated BNP, independent of serum uric acid level [146] has only 
added more questions to our current concerns regarding the causality of 
uric acid in vascular pathology [147–152]. Both Xanthine oxidoreduc
tase and excess soluble urate (UA), the joint targets of XOR inhibitors 
(XOI) treatment, can exert noxious effects in the vasculature and other 
tissues [136,153,154]. Hence, the CARES study leaves us with more 
questions than answers concerning XOI effects on CV mortality [116, 
155]. One of these questions is how inhibition of XOR enzyme activity 
could affect the disease progression independent of UA level. 

One potential mechanism is the differential effects of uric acid and 
XOR in the modulation of the redox status of the vascular system. UA is 
derived exclusively from the oxidation of xanthine and hypoxanthine by 
XOR [1]. XOR has wide tissue expression, can be released into the cir
culation, and binds the surface of endothelial cells [153,156]. XOR is 
up-regulated in animal models of inflammatory disease where it shows 
particularly high levels of activity and UA generation in inflammatory 
mononuclear phagocytes (MNP), including monocytes, macrophages, 
and dendritic cells(157,158). XOR, which catalyzes the terminal two 
steps of purine degradation, is the major source of both reactive oxygen 
species (ROS; O and H2O2) and UA ROS can have deleterious effects on 
biological processes and contribute to many pathological conditions 
such as inflammation, vascular injury, diabetes and hypertension. 
However, some ROS like H2O2 may act as a signaling molecule in many 
physiological processes. H2O2 is generated by mitochondria, some 

The studies by Siu et al. [94], Momeni et al. [97], Kanbay et al. [95], Pai et al. [93], Weng et al. [109], and Krishnamurthy et al. [96] were not included due to 
insufficient information reported about TEAEs. 
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oxidases and also the metabolism of superoxide by superoxide dismutase 
(SOD). At low levels it contributes to signaling by oxidizing thiols such 
as glutathione (GSH) and thioredoxins and at greater levels it will 
develop toxic and highly reactive species including hydroxyl radicals 
(159). Although the exact role of H2O2 signaling in the cardiovascular 
system remains to be determined, there is evidence suggesting that H2O2 
plays a significant role in vasoregulation under both physiological and 
pathological conditions(159). H2O2 is recognized as an endothelium 
derived hyperpolarizing factor (EDHF) with opposing vasoactive effects 
depending on its concentration, the vascular bed and redox status. At 
low concentrations (≤10 uM), endothelial cells are the primary cells 
involved in H2O2 induced arteriolar dilatation. The major signaling 
pathway involved in this responsdste is the COX1 – PGE2 axis and 
subsequent activation of smooth muscle cells (SMC). At greater con
centrations of H2O2 (≥30 uM), the role of endothelial cells is diminished 
and replaced by direct effects of peroxide on SMCs through increase in 
K+ conductance(159). While H2O2 has its physiologic vasodilatory ef
fects [160], this role will be more critical in pathologic conditions where 
nitrite-NO pathway is inefficient in maintaining the blood pressure (BP) 
(e.g. chronic hyperuricemia with vascular comorbidities) [161]. 

While XOIs can directly affect UA level, they can also differentially 
modify superoxide generation by the enzyme, and subsequently modu
late oxidative stress and alter nitric oxide-redox balance [116,155]. This 
may explain the differential clinical outcome of using greater doeses of 
XOIs as well as different outcome when patients gout populations 
treated with XOIs has different baseline vascular comorbidities (CARES 
vs FAST trial). Uricosuric (e.g., Lesinurad) and uric acid oxidase 
(Pegloticase) can also modulate vascular redox status by potentially 
modulating XOR activity and changes in uric acid metabolism and its 
metabolic byproduct including H2O2 [162] (Figs. 3 and 4). 

We would propose that the missing component in most previous 
studies appears to be the lack of measurement of serum XOR activity 
which makes it difficult to draw a more definitive conclusion. Some of 
the presumed effects of serum SUA modulation could be explained 
through changes in XOR activity rather than changes in serum UA(163). 

6. Next steps in understanding the role of U-shape effect of UA 
and XOR in vascular disease 

The majority of previous animal studies on UA metabolism have 
been performed in preclinical models that do not recapitulate the 
observed pathology in humans. Hyperuricemia occurs mainly in higher 
primates, including humans, primarily due to the inactivation of the 
uricase gene during primate evolution [164,165]. There have been 
many challenges in generating animal models of hyperuricemia and 
current models do not yet reliably and consistently simulate the urate 
mediated hyperuricemia that occurs in humans [166]. Because phar
macological inhibitors of XOR decrease both UA and XOR activity, it has 
not been possible to determine their independent roles in inflammatory 
disease or to determine the potential therapeutic value of targeting them 
independently. Further, it has not been possible to critically measure the 
effects of newly discovered uricosurics (e.g., verinurad) in combination 
with other urate-lowering treatments in different clinical settings in vivo 
due to the low affinity of these drugs for rat and mouse URAT-1 [167] 
and due to lack of a reliable hyperuricemia model without functional 
uricase [166]. Future clinically relevant in vivo experiments should 
involve the use of humanized hyperuricemia models as well as condi
tional transgenic models of XOR which could help determine the dif
ferential role of UA and XOR activity in vascular biology. 

7. Conclusion 

Future guidelines should consider treating hyperuricemic patients 
based on their gender and associated comorbidities and to reduce the UA 
as a percentage of their baseline UA level rather than a fixed upper and 
lower threshold. As such, we agree with the previous EULAR Ta
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Fig. 3. XOR is a major source of both uric acid 
and reactive oxygen species. Upregulation of 
circulating and vascular XOR result in increase in 
both systemic and locally derived ROS and UA 
which their imbalance has a role in perpetuating the 
inflammatory microenvironment seen in both sys
temic and pulmonary hypertension. ET-1, endothe
lin-1; eNOS, endothelial nitric oxide synthase; ROS, 
reactive oxygen species; SMC, smooth muscle cell; 
XDH, xanthine dehydrogenase; XO, xanthine 
oxidase.   

Fig. 4. Differential redox modulation in 
ULTs. Different uric acid lowering treat
ments (ULTs) will result in differential redox 
modulation of the systemic and pulmonary 
vasculature. Xanthine Oxidoreductase In
hibitors (XOIs) will have differential inhibi
tory effects on XOR activity mainly due to 
their differential affinity for the enzyme and 
mechanisms of inhibition (Add reference 
EE). Urocolytics and Uricosuric on the other 
hand exert their effects through changes in 
UA metabolism rather than directly inhibit
ing the enzyme. As a result, differential 
redox modulation in ULTs can have differ
ential downstream physiologic effects on 
vascular response in different pathological 
condition (e.g. hypoxia, shear stress and 
inflammation).   
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recommendation of avoiding the maintenance of very low UA levels for 
chronic hyperuricemia management and further recommend an 
evidence-based and personalized approach for defining the correct 
therapeutic threshold with less potential cardiovascular toxicity(168, 
169). 
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