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Abstract
Purpose of the Review Our review explores the epidemiology, physiology, and clinical data surrounding the connection 
between hyperuricemia and metabolic syndrome, chronic kidney disease, and hypertension.
Recent Findings Compelling physiologic mechanisms have been proposed to explain a causal relationship between hyper-
uricemia and metabolic syndrome, chronic kidney disease, and hypertension but clinical studies have given mixed results in 
terms of whether intervening with hyperuricemia using urate-lowering therapy has any beneficial effects for patients with 
these conditions.
Summary Despite the large amount of research already put into this topic, more randomized placebo-controlled trials are 
needed to more firmly establish whether a cause-effect relationship exists and whether lowering uric acid levels in patients 
with these conditions is beneficial.
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Introduction

Uric acid in humans is the product of the purine degrada-
tion process in which an enzyme, xanthine oxidase, converts 
hypoxanthine and xanthine to poorly soluble uric acid. In 
contrast to humans, other mammals are further powered 
with an enzyme, urate oxidase, which converts uric acid to 
allantoin, which is water soluble, thus allowing for efficient 
urinary excretion. During early evolution, humans lost the 
activity of the urate oxidase enzyme due to selected genetic 
mutations, resulting in higher uric acid levels than in other 
mammals [1].

The kidneys eliminate approximately 70% of the daily 
uric acid load, while 30% is eliminated by bacterial intestinal 
uricolysis. In the human kidney, uric acid is freely filtered at 
the glomerulus; however, the proximal convoluted tubules 
are highly selective for uric acid. The urate transporter, 
URAT1, plays a key role in uric acid homeostasis resulting 
in < 10% of fractional excretion of filtered uric acid [2]. 
In most patients suffering from primary hyperuricemia and 

gout, the mechanisms of maintaining uric acid homeostasis 
are severely affected by the failing kidneys, resulting in a 
decline in fractional excretion of uric acid. As the diseased 
kidneys continue to worsen, the imbalance between daily 
production and ingestion of uric acid and decreased excre-
tion can result in uric acid deposition in joints and soft tis-
sues; these insoluble deposits are referred to as tophi [3].

An elevated plasma uric acid concentration has been 
described as a beneficial phenomenon acting as an antioxi-
dant [4]. However, uric acid exerts its antioxidant proper-
ties only in the extracellular environment. Once uric acid 
enters the cell, including the vascular smooth muscle cells 
and adipocytes, it has harmful effects on cellular function 
[5, 6]. Moreover, uric acid has an inhibitory effect on nitric 
oxide production [7], induction of platelet aggregation, and 
pro-inflammatory activity [8, 9].

Several studies and clinical trials have proposed an 
intriguing relationship between hyperuricemia and the 
development of metabolic syndrome [10], diabetes [11], 
hypertension [12], chronic kidney disease, [13] and car-
diovascular disorders [14]. Hyperuricemia has also been 
linked to both pre-eclampsia [15] and gestational diabetes 
[16]. In contrast, in the hemodialysis population, hyper-
uricemia has been associated with good nutritional status, 
overall lower rates of hospitalization, and lower all-cause 
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and cardiovascular mortality [17]. However, the relation-
ship between hyperuricemia and graft survival in kidney 
transplant recipients is complex and still controversial [18].

This review will focus on the literature examining the 
role of hyperuricemia in the progression of metabolic syn-
drome, diabetes mellitus, chronic kidney disease, including 
end-stage renal disease, the post-transplant population, and 
hypertension.

Hyperuricemia in the Metabolic Syndrome 
and Diabetes Mellitus

Metabolic syndrome is defined as a cluster of different car-
diovascular risk factors, including hypertension, dyslipidemia, 
visceral obesity, glucose intolerance, and hyperinsulinemia. 
Hyperuricemia is not considered to be a part of the metabolic 
syndrome despite several epidemiologic studies confirm-
ing a direct relationship in children, adolescents, and adults 
[19–21].

A set of rat model experiments by Nakagawa et al. [22] 
answered important questions regarding a high fructose diet 
and the causal role of hyperuricemia in the context of insu-
lin-resistant states. They concluded that rats fed a 60% fruc-
tose diet for 10 weeks developed features of metabolic syn-
drome, including hyperinsulinemia, hypertriglyceridemia, 
and hyperuricemia. When treated with uric acid-lowering 
agents such as allopurinol (a xanthine oxidase inhibitor) or 
benzbromarone (a uricosuric agent), these features were pre-
vented or even reversed.

They also demonstrated that administering allopurinol 
prophylactically prevented hyperinsulinemia and weight 
gain and lowered systolic blood pressure (SBP) [22]. Other 
authors have shown that febuxostat (a more selective xan-
thine oxidase inhibitor) reversed hyperuricemia and pre-
vented increases in BP, plasma triglycerides, and fasting 
plasma insulin in rats [23].

Hyperuricemia in metabolic syndrome is caused by 
the effects of hyperinsulinemia on the proximal tubule, 
which promotes an increase in uric acid absorption and a 
decrease in uric acid excretion [19, 24]. Moreover, hyper-
uricemia can cause hyperinsulinemia due to endothelial 
dysfunction and inhibition of nitric oxide utilization [25]. 
In animal studies, the causal role of hyperuricemia in the 
development of metabolic syndrome in fructose-fed rats 
could be explained by two main theories. The first, dem-
onstrated in 1990 by Hallfrisch et al., revealed a rapid 
rise in uric acid when rats were given fructose [26] and 
activation of fructokinase, resulting in ATP consump-
tion, intracellular phosphate depletion, and stimulation of 
AMP deaminase. Hyperuricemia also induces a signifi-
cant increase in insulin resistance via inhibiting endothe-
lial nitric oxide production [27, 28].

The second mechanism relating hyperuricemia to the 
metabolic syndrome is centered around the effects of hyper-
uricemia in inducing intracellular reactive oxygen species 
(ROS). An increase in ROS results in a decrease in nitric 
oxide bioavailability and further increases in insulin resist-
ance in adipose tissues [5, 29].

Several observational studies used the uric acid level as 
a future marker for the development of the metabolic syn-
drome, obesity, and type 2 DM in humans [30–32]. Ryu 
et al. revealed an independent association between serum 
uric acid levels and increased risk of metabolic syndrome 
and proposed that uric acid can be one component of the 
metabolic syndrome [30].

Other investigators have discussed the association 
between uric acid levels and the risk of developing type 2 
diabetes. The population analyzed included 4536 persons 
with hyperuricemia who were free of diabetes at baseline. 
During the 10 years of follow-up, 462 participants developed 
diabetes. The results indicated that one-quarter of diabetes 
cases can be attributed to a high serum uric acid level [31].

Niskanen et al. studied hyperuricemia and its role in 
predicting changes in glucose intolerance and the develop-
ment of type 2 diabetes over 4.1 years. The results showed 
that hyperuricemia at baseline predicted a twofold increase 
in the likelihood of developing type 2 diabetes [32]. In a 
prospective follow-up of 8429 men and 1260 women aged 
20–82 years, uric acid was a strong and independent predic-
tor of developing the metabolic syndrome in both men and 
women [33].

A recent study by Rubio-Guerra et al. found a strong 
association between hyperuricemia and the metabolic syn-
drome in low-income young adults [34]. Another large study 
that analyzed the bidirectional relationship between meta-
bolic syndromes in the Chinese population aged 40 or more 
years old demonstrated a bidirectional relationship between 
metabolic syndrome and serum uric acid in both sexes [35].

The intake of sugars such as high fructose corn syrup 
has increased significantly in the last decades, resulting in a 
dramatic increase in obesity, fatty liver, metabolic syndrome, 
and diabetes [36–38]. Several studies have also shown that a 
fructose-rich diet can raise uric acid production and induce 
components of the metabolic syndrome through mechanisms 
independent of energy intake or weight gain [39]. However, 
It is worth noting that these effects were not observed with a 
glucose-rich diet [40]. Thiazide diuretics, calcineurin inhib-
itors, gestational diabetes mellitus, and excessive alcohol 
intake have been also shown to cause hyperuricemia and the 
metabolic syndrome [41–43].

In summary, the worldwide epidemic of the metabolic 
syndrome and diabetes seen in the last few decades cor-
relates strongly with an increase in total fructose intake 
and elevation of uric acid levels. Moreover, it is essential to 
recognize the pathogenesis of how a high fructose diet and 



239Current Hypertension Reports (2024) 26:237–245 

hyperuricemia could lead to the development of metabolic 
syndrome and diabetes. The proposed mechanisms related 
to these findings are endothelial dysfunction, overproduc-
tion of the ROS, and insulin resistance. Administration of 
allopurinol has been shown to reverse the components of 
metabolic syndrome. However, more randomized controlled 
trials are needed to determine appropriate goals of therapy.

Hyperuricemia in Chronic Kidney Disease, 
End‑Stage Kidney Disease, and Post‑Kidney 
Transplant

In the 1890s, Haig et al. proposed that hyperuricemia played 
an essential role in multiple diseases including chronic kid-
ney disease (CKD) [44]. The connection was made in the 
context of gouty nephropathy which occurs by the deposition 
of uric acid crystals into the medullary interstitial. The uric 
acid crystals induce a chronic inflammatory response poten-
tially leading to interstitial fibrosis and CKD [45]. In a novel 
mouse model of hyperuricemia and chronic crystalluria, the 
authors conclude that only hyperuricemia with crystalluria 
induces progression of chronic kidney disease [46••]. A 
recent review of the role of urate-lowering therapy concludes 
that hyperuricemia aggravates renal dysfunction through a 
direct toxic effect via multiple mechanisms, including an 
inflammatory response to urate crystallization, activation 
of the renin-angiotensin-aldosterone system, and increased 
oxidative stress [47].

Many epidemiological studies also demonstrated strong 
independent links between asymptomatic hyperuricemia 
and the prevalence and progression of renal disease. Iseki 
et al. showed that asymptomatic hyperuricemia (uric acid 
>8 g/dl) increased CKD risk by threefold in men and ten-
fold in women. This higher risk was independent of age, 
SBP, body mass index, glucose, smoking, alcohol use, and 
proteinuria [48].

The large epidemiological trial, Atherosclerosis Risk in 
Communities (ARIC), showed that each 1 mg/dl increase in 
uric acid increased the risk of CKD by 7–11%. Other stud-
ies have shown a linear correlation between uric acid and 
the degree of CKD in the elderly [49–51]. Hsu et al. evalu-
ated the most comprehensive epidemiological study linking 
a strong relationship between serum uric acid and CKD. In 
177,570 US Renal Data System subjects that were followed 
over 25 years, a higher uric acid quartile unveiled a 2.14-
fold increase in end-stage renal disease over time [52]. In 
a recently published study, Kochi et al. describe a stronger 
association between hypertension and proteinuria in patients 
with hyperuricemia compared to those without hyperurice-
mia and conclude that hyperuricemia is “an important con-
tributing factor to both nephrosclerosis with ischemia and 
hyperfiltration” [53••]. In the commentary regarding this 

study, Tadashi Sofue considers hyperuricemia as the “third 
key player for nephrosclerosis with ischemia” [54].

Chonchol et al. evaluated 5808 patients in the Cardiovas-
cular Health Study and found asymptomatic hyperuricemia 
was strongly associated with the prevalence but not the inci-
dence of CKD [55]. In the Mild to Moderate Kidney Disease 
Study, Sturm et al. evaluated 277 persons with non-diabetic 
kidney disease and found that initial asymptomatic hyper-
uricemia correlated with CKD progression [56].

Other investigators have examined the relationship 
between serum uric acid obtained at the initiation of dialysis 
in patients with advanced stage 5 CKD and subsequent all-
cause mortality. The major finding was that asymptomatic 
hyperuricemia (uric acid of 9.0 mg) had a twofold increased 
risk for mortality independent of potential confounders such 
as age, sex, eGFR, cardiovascular disease, diabetes melli-
tus, diuretic use, cholesterol level, CRP level, and phosphate 
level. They also reported an increased risk for mortality in 
those patients who had a uric acid level of 5.2 mg or greater 
[57]. In contrast, a retrospective cohort study of 200 patients 
on maintenance hemodialysis revealed an interesting asso-
ciation between longitudinal changes in uric acid, nutritional 
markers, and long-term survival. With each 1.0 mg/dl longi-
tudinal increase in uric acid, there was a 13.4% slower rate 
of decline in geriatric nutritional risk over 3 years and lower 
overall mortality [58].

Asymptomatic hyperuricemia is a common finding in 
post-kidney transplant recipients, with the prevalence of 
hyperuricemia in the range of 15–52%. Other risk factors 
for hyperuricemia in those patients are progressive CKD 
and medications including hydrochlorothiazide and other 
thiazide-like diuretics, cyclosporine immunosuppressive 
therapy, and alcohol abuse [59–62]. Asymptomatic hyper-
uricemia and graft survival in kidney transplant recipients 
is an intriguing and complex topic for the transplant neph-
rologist. Many have investigated this relationship, and most 
studies suggest a negative impact of asymptomatic hyper-
uricemia on renal allograft function and survival [63, 64].

One study analyzed the mean uric acid level during the 
first 6 months post-transplant and found that higher uric 
acid levels were an independent predictor of long-term and 
short-term graft function [65]. Other authors have shown 
that early onset of hyperuricemia at 3 months post-kidney 
transplant increased risk for graft failure according to mul-
tiple Cox regression analysis, [66] and Akalin et al. found 
that hyperuricemia 6 months after transplantation was sig-
nificantly associated with new cardiovascular events and 
graft dysfunction [67]. Kalil et al. used data from the ran-
domized controlled trial, Folic Acid for Vascular Outcome 
Reduction in Transplantation (FAVORIT), that examined 
the potential association of asymptomatic hyperuricemia 
with cardiovascular mortality and allograft failure over a 
mean follow-up time of 3.9 years. The study showed that 503 
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patients sustained a primary cardiovascular event (P=0.5), 
401 died (P=0.09), and 287 had transplant failure (P=0.1) 
[68]. A large retrospective cohort study divided patients into 
low, normal, and high uric acid groups according to mean 
serum uric acid level within the first year and 1–5 years after 
transplantation. Those with low to normal serum acid levels 
in the first year and 1–5 years had better renal allograft out-
comes in the long-term follow-up period, compared to those 
with high serum uric acid [69].

The association between hyperuricemia and chronic 
kidney disease is well established in observational studies. 
However, debate remains as to what effect urate-lowering 
therapies may have on CKD outcomes in the setting of 
asymptomatic hyperuricemia. Several single-center studies 
have demonstrated that the use of allopurinol or febuxostat 
slows the progression of CKD [70–72]. A meta-analysis 
performed by Bose [73] that included eight randomized 
controlled trials and a total of 476 patients showed a trend 
toward a higher eGFR by 3.1 ml/min/1.73  m2 [2] BSA in 
the allopurinol group with a median follow-up time of 11 
months (95% confidence interval 0.9–7.0). However, this 
review was limited by its small size and that only two of the 
eight studies were placebo controlled.

A more recent study, the Controlled Trial of Slowing of 
Kidney Disease Progression from the Inhibition of Xanthine 
Oxidase (CKD-FIX), specifically looked at adults with base-
line stage 3 or 4 CKD, albuminuria, or an eGFR decline of 
at least 3.0 ml/min/1.72  m2 [2] BSA in the preceding year 
and no history of gout [74]. A total of 369 patients from 31 
centers in Australia and New Zealand were randomized to 
receive allopurinol or placebo. For the primary outcome, 
change in eGFR over 104 weeks, this study did not find 
a significant difference in the allopurinol group versus the 
placebo group. There was also no difference between the 
two groups with regard to secondary outcomes of change 
in the amount of proteinuria, change in BP, progression to 
ESRD, or death [74]. Other randomized placebo-controlled 
studies have also failed to demonstrate a statistically signifi-
cant effect of febuxostat or allopurinol on the progression 
of CKD in patients with already established CKD [75, 76].

In summary, asymptomatic hyperuricemia seems to corre-
late strongly with the prevalence of CKD. In the ESRD popu-
lation on hemodialysis, asymptomatic hyperuricemia has been 
associated with a decrease in mortality. In post-kidney trans-
plant patients, high uric acid has been associated with poor 
long-term renal allograft function. However, once again, data 
to support the use of urate-lowering drugs to alter the outcomes 
of patients with CKD is not consistent. The recent studies men-
tioned above looked at patients with established CKD. Rand-
omized placebo-controlled studies focusing on the initiation of 
urate-lowering drugs at earlier stages of CKD or in patients at 
elevated risk for CKD may shed more light on what potential 

benefits these drugs may have in preventing or slowing the pro-
gression of kidney disease.

Hyperuricemia and Hypertension

An association between uric acid levels and hypertension has 
been suggested since the 1870s, and studies as early as the 
1920s observed this link [77]. However, this has typically 
been thought to be reflective of hyperuricemia being a con-
sequence rather than a cause of hypertension. One proposed 
mechanism considers impaired urate excretion by the kidney 
in the setting of hypertension. The decreased eGFR often 
seen in those with chronic hypertension leads to retained 
uric acid. The increase in renal vascular resistance leads to 
decreased renal blood flow, resulting in increased sodium 
and uric acid resorption in the proximal tubule [77]. Further-
more, hyperuricemia may be a result of competition for the 
organic anion transporter in the proximal tubule by thiazide 
diuretics or elevated lactate levels, which can be seen in tis-
sue ischemia in the setting of severe hypertension. Another 
hypothesis is that oxidative stress, common in patients with 
hypertension, sets off a cascade that increases the degrada-
tion of hypoxanthine and xanthine to uric acid [77].

The supposition that hyperuricemia is a result of hyper-
tension is challenged by many studies demonstrating ele-
vated uric acid levels prior to the development of hyperten-
sion. Hyperuricemia, independent of most other risk factors, 
is a predictor of hypertension development [78–81]. One 
study by Krishnan et al. noted baseline normotensive men 
with hyperuricemia to have an 80% excess risk for hyperten-
sion [79]. Another author suggests that this association is 
more robust in blacks compared to whites [81].

A publication by Mazzali et al. took this debate to the 
next level and found that raising serum uric acid levels in 
rats was associated with an increase in systemic BP after 
several weeks [82]. Further, elevation in BP was prevented 
if the uric acid was lowered by a xanthine oxidase inhibitor 
or with a uricosuric agent [23]. A similar effect was seen in 
humans. Segal et al. performed a double-blind randomized 
controlled trial of African Americans with hypertension 
treated with chlorthalidone and additionally given allopu-
rinol vs placebo. While the study did not achieve statisti-
cal significance, those given allopurinol tended to have BP 
compared to those in the placebo group [83]. Another ran-
domized placebo-controlled trial by Gunawardhana et al. 
examining the effects of febuxostat on BP found that treat-
ment with febuxostat resulted in a significant decrease in 
SBP in a subgroup analysis of patients with hypertension 
and normal renal function [84].

While uric acid is an antioxidant in the extracellular envi-
ronment, studies have demonstrated that it is pro-oxidative 
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intracellularly, stimulating NADPH oxidase. The mechanism 
of this is not entirely clear [5, 77]. When introduced into cul-
tured endothelial cells, induction of oxidative stress was asso-
ciated with increased secretion of C reactive protein and other 
inflammatory mediators, reduced nitric oxide, and increased 
angiotensin II and angiotensin I receptor expression [7, 27].

It has also been suggested that the strongest association of 
uric acid with hypertension may be seen in the earlier stages 
of hypertension. Many studies have demonstrated elevated 
uric acid levels as a predictor of hypertension in the child 
and adolescent population [85, 86].

Some studies also support allopurinol as lowering BP in 
adolescents. In a randomized double-blinded placebo-con-
trolled trial by Feig et al., adolescents with newly diagnosed 
hypertension assigned to the allopurinol group had a mean 
decrease in 24 h mean ambulatory systolic BP of 6.3 mmHg 
and a mean decrease in diastolic BP (DBP) of 4.6 mmHg. 
Two-thirds of the participants in the allopurinol group saw 
their BP reach the targeted range during the 4 weeks of the 
study [87]. Another particularly interesting phenomenon 
previously published is that elevated uric acid is associated 
with a non-dipping circadian rhythm pattern [88–90].

The physiology that explains the link between hyperurice-
mia and hypertension may lie within the renin-angiotensin 
system. A review by Soltani et al. noted several studies in 
animals and humans demonstrating an increase in renin 
aldosterone angiotensin system activation in the setting of 
increased uric acid levels. Their review proposed that it was 
time for a reappraisal of how consideration of uric acid lev-
els is approached in the management of hypertension [91].

The mechanism by which uric acid causes hypertension 
has two phases. Based on animal models, uric acid causes 
increased renal production of renin and reduction of nitrates 
in the systemic circulation, resulting in increased vasocon-
striction [5, 82, 92]. Rats treated with oxonic acid, a uric 
acid oxidase inhibitor, showed increased uric acid levels and 
a gradual rise in BP over 2–3 weeks. This increase in BP 
can be reversed by the withdrawal of oxonic acid, the addi-
tion of uric acid-lowering drugs, or renin-angiotensin system 
blockade [82, 93]. However, prolonged elevation of uric acid 
levels leads to vascular smooth muscle cell proliferation, 
decreased compliance of renal afferent arterioles, and a shift 
in the pressure natriuresis curve, resulting in an increase in 
salt-sensitive hypertension. In the rat model, these changes 
can persist for years and are not reversed by urate-lowering 
therapy [85].

With this biphasic model of uric acid causing hyperten-
sion, it would make sense then that xanthine oxidase inhibi-
tors would result in improvements in BPs in hypertensive 
human subjects if administered in the first phase of the pro-
posed mechanism. Some studies do support that administra-
tion of xanthine oxidase inhibitors results in improved BPs 
[94, 95].

However, the second phase of this model may be less 
amenable to urate-lowering therapy but be mitigated by 
agents like the angiotensin receptor blockers (ARBs) that 
can slow vascular smooth muscle cell proliferation. Evi-
dence also shows that some ARBs have a uric acid-lowering 
effect as well. This does not appear to be a class effect of 
all ARBs but losartan in particular seems to have the most 
consistent exposure of this lowering effect. The mechanism 
appears to be inhibition of URAT-1, the transporter which 
facilitates reabsorption of uric acid in the proximal tubule 
[96, 97

Despite physiologic plausibility and some studies to sup-
port it, there remains an ongoing debate as to whether there 
is a causal relationship between hyperuricemia and hyper-
tension and, in the clinical setting, whether decreasing uric 
acid levels has a positive impact on BP control. A recent 
randomized double-blind crossover clinical trial by Gaffo 
et al. looking at young adults (age 18–40) with hypertension 
and serum urate levels >5.0 mg/dl for men and >4.0mg/dl 
for women did not show a statistically significant change in 
either the allopurinol treatment phase or the placebo treat-
ment phase during the 1-month follow-up period of the 
study [98]. A prior meta-analysis of ten studies examining 
the effect of allopurinol on BP, which included 738 par-
ticipants, did show decreases in SBP (3.3 mmHg) and DBP 
of 1.3 mmHg) in the allopurinol group. It was noted that 
several studies included in this systematic review were not 
randomized controlled trials and were considered to be of 
lesser quality. However, the authors of the review did find 
similar changes in systolic and DBPs when the analysis was 
restricted to higher quality randomized controlled trials [99]. 
The authors noted that a shortcoming of this meta-analysis 
is that many of the studies had patients with relatively well-
controlled BPs at baseline and that other antihypertensive 
therapies may have changed during the course of the study.

Critics of this meta-analysis noted that another review 
published around the same time and that had more stringent 
quality inclusion criteria found only one study that met their 
criteria. This study showed a positive effect of allopurinol 
on BP lowering in the patient population studied, but the 
Feig study on adolescents noted above [100] further cau-
tions that allopurinol is not without potential, albeit rare, 
adverse effects, including potentially fatal Stevens-Johnson 
syndrome and chronic interstitial nephritis. Therefore, clini-
cians should be cautious in using these agents because the 
benefit has yet to be clearly demonstrated [101].

While over the years, many studies have looked at the 
association between hyperuricemia and metabolic syndrome, 
chronic kidney disease, and hypertension, many questions 
about these relationships remain unanswered. That this 
association exists and can be explained physiologically is 
well established. However, association does not prove cau-
sality. It is still unclear if urate-lowering therapy is of any 
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real benefit and if so, in what specific populations and what 
should therapeutic goals be.

This ongoing debate highlights the need for more high-qual-
ity randomized controlled trials to solidify the role of hyper-
uricemia and xanthine oxidase inhibitors in the management of 
metabolic syndrome, chronic kidney disease, and hypertension.
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