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Abstract

Hyperuricemia predicts the development of chronic kidney disease (CKD) and metabolic
complications, but whether it has a causal role has been controversial. This is especially true given
two recently conducted randomized controlled trials that failed to show a benefit of lowering uric
acid in type 1 diabetes-associated CKD and subjects with stage 3 to 4 CKD. While these studies
suggest that use of urate lowering drugs in unselected patients are unlikely to slow the progression
of CKD, there are subsets of subjects with CKD where reducing uric acid synthesis may be
beneficial. This may be the case in patients with gout, hyperuricemia (especially associated with
increased production), and patients with urate crystalluria. Here we discuss the evidence, and
propose that future clinical trials targeting these specific subgroups should be performed.
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The role of uric acid in chronic kidney disease (CKD) has been a controversial topic

for decades. Studies supporting a role for uric acid as an important mediator of CKD is
extensive. Epidemiological studies have consistently found that elevated serum uric acid

is a predictor for the development of CKD, and early studies documented reduced kidney
function in approximately 50 percent of subjects with gout and histologic injury (consisting
of glomerulosclerosis, tubulointerstitial fibrosis and arteriolosclerosis) was found in in over
90 percent of autopsies of patients with gout [1,2]. Experimentally raising uric acid could
both cause low grade kidney damage and accelerate established CKD [3,4]. Potential
mechanisms were also identified driven by both crystalline and non-crystalline uric acid,
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that included both hemodynamic effects (increasing glomerular hydrostatic pressure and
reducing blood flow) as well as non-hemodynamic pathways (stimulating inflammation,
activating vasoconstrictive pathways, blocking endogenous vasodilatory pathways, and
stimulating vascular cell proliferation and inhibiting endothelial function) [5-9]. Uric acid
was also found to affect cellular metabolism, by causing mitochondrial oxidative stress,
inhibiting mitochondrial function, and altering cellular energetics [10,11]. Indeed, studies
suggested uric acid was not only important in kidney disease, but also in driving acute
kidney injury, hypertension, metabolic syndrome and diabetes [12,13]. Uric acid has also
been proposed to have potential roles in other conditions, including cancer, behavioral
disorders, and Alzheimer’s disease [14-16].

There are also studies that have challenged the pathogenic role of uric acid in CKD. A
central argument is that the association of uric acid with CKD is expected because the
kidney has a major role in excreting uric acid, and so as kidney function fails, serum uric
acid will rise. The finding that an elevated serum uric acid may predict the development
of CKD may simply reflect that subtle kidney damage was already present. Indeed, once
individuals have CKD, a high uric acid often does not independently predict progression
of CKD [1]. Furthermore, a sophisticated method known as Mendelian randomization was
used to identify genetic polymorphisms in genes that affect serum uric acid levels, and
then a genetic score was developed that could affect approximately 5 to 7 percent of the
variation in serum uric acid levels. When such scores were developed, population studies
could determine if those who have scores favoring higher serum uric acid levels are at risk
for CKD or other metabolic disorders. When these types of analyses were performed, the
vast majority concluded that, while genetic polymorphisms could predict gout, they did
not predict the development of CKD or other conditions including hypertension, metabolic
syndrome, or diabetes [17-20]. More recently, an experimental model of hyperuricemia
was reported in which kidney disease also did not develop, challenging the experimental
studies [21]. Indeed, while it is accepted that crystalline uric acid is pro-inflammatory, there
has even been the suggestion that soluble uric acid may be beneficial, as it can function

as an anti-oxidant [22]. Supporting this idea have been several clinical studies suggesting
that the acute infusion of uric acid (or its precursor inosine) may confer some benefits in
neurological disorders such as Parkinson’s disease and acute ischemic stroke [23,24].

It has been largely thought that the best way to resolve the question of whether uric acid has
a causal role in CKD would be to perform clinical trials to determine if lowering uric acid
can slow the progression of CKD. Initial studies were positive [25,26], but many of these
studies were small, lacked the use of a placebo, and were more consistent with pilot studies.
One randomized, placebo-controlled study from India showed a remarkable slowing of CKD
with febuxostat (a xanthine oxidase inhibitor) [27], but another larger but similarly designed
study from Japan showed no benefit (the FEATHER study) [28]. Our group suggested that
the reason might be because the control group in the FEATHER study showed minimal
worsening of kidney disease over the two years of the study (=0.47 ml/min/1.73m2 eGFR),
and that this prevented the ability for a study drug to show significant benefit even if it were
effective [29]. Indeed, when we reviewed over 20 clinical trials that had been published, a
benefit was observed in all of the studies in which significant progression occurred in the
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control group and the negative studies were limited to studies viewed as non-interpretable
due to the fact that the kidney function in the control group remained stable [29].

Then, in June 2020, two large randomized, double-blind, placebo-controlled trials were
published (Table 1) [30,31]. The first study, known as the Preventing Early Renal Loss in
Diabetes (PERL) trial, evaluated type 1 diabetics with mild to moderate CKD (stage 2 and
3) with evidence for worsening kidney function. These subjects were normotensive, with
around 90 percent on renin angiotensin system (RAS) blockers, and were randomized to
allopurinol or placebo over 3 years. The study even included measurement of true GFR
using the iohexol method. The second study, known as the Controlled Trial of Slowing of
Kidney Disease Progression from the Inhibition of Xanthine Oxidase (CKD-FIX), studied
the effect of allopurinol to slow renal progression in subjects with modest to severe CKD
(stages 3 and 4) of all types (including 45 percent who were diabetic). Both studies reported
no benefit of allopurinol to slow CKD despite significant worsening of kidney function in
the control groups. Indeed, there was a tendency for higher mortality in the allopurinol
treated groups when the studies were combined.

The strength of these two studies include the large number of patients studied, the rigorous
design, the relatively long follow-up, the low risk of bias, and the finding of significant
worsening of kidney function in the control group (Table 1). There were also weaknesses
noted, including the high dropout rate (which affected the final analysis as these were
intention-to-treat studies), the inclusion of individuals with normal uric acid levels, and

the exclusion of subjects with gout (Table 1). Nevertheless, the findings of these two

studies suggested the conclusion that “urate is not causally implicated in the risk for CKD
progression in most patients regardless of baseline risk” and that further clinical trials are not
warranted [32].

But, are there no caveats in this conclusion? One potential explanation is that uric acid

is causal, but that the use of RAS inhibitors may be effectively mimicking the effect of
lowering uric acid, as there are experimental and clinical studies that show that many of the
effects of hyperuricemia appear to act by stimulation of the RAS [33-35]. If true, however,
this would not provide any rationale for lowering of uric acid since RAS inhibition is
standard fare in the subject with CKD.

There is another, important question. Lowering uric acid in the average patient with
advanced CKD may not be of benefit, and lowering uric acid in an average type 1 diabetic
subject with CKD may not show overall benefit, but can we generalize these studies to all
patients with CKD? Here we discuss specific groups where we suggest clinical trials for
lowering uric acid to preserve kidney function are needed (Figure 1).

Subgroups of CKD where Lowering Uric acid may be of Benefit

Gout and CKD

Gout is common in subjects with CKD, being present in about one-third of subjects
with CKD stages 3 or 4 [36]. Unfortunately, the vast majority are either not treated or
inadequately treated, and hence only 25 percent of subjects with gout and CKD have serum

Am J Nephrol. Author manuscript; available in PMC 2022 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goldberg et al.

Page 4

uric acid levels at the target goal of 6 mg/dl or less [37]. The PERL and CKD-FIX studies
excluded all subjects with a history of gout, even if it was remote, assuming that they would
already be on treatment for their arthritis. Therefore, the conclusions of these studies do

not apply to patients with gout in whom lowering uric acid might theoretically be the most
beneficial at reducing the progression of kidney disease.

Subjects with CKD and gout have more tophi than gouty subjects with normal kidney
function (sixfold greater in stage 3 CKD)[38], suggesting they carry higher risk for extra-
articular crystal deposits. Recently it has been recognized that urate crystals can deposit
in many locations, including the kidney, blood vessels, and spine [39]. One study reported
that urate crystals are present in the aorta or coronary vessels in 80 percent of subjects
with gout [40], where it can localize to plaques[41]. Urate crystals may also act as a nidus
for calcification [42], and many urate deposits correspond to sites of vascular calcification
[40]. Urate crystals also deposit in the kidney, and one study suggests this may occur in up
to one-third of subjects with gout [43]. Finally, urate crystals can also occur in the blood
vessels and kidneys of subjects with hyperuricemia in the absence of gout, although it is
much less frequent than that which occurs in subjects with gout [40].

Thus, it is quite possible that subjects with a history of gout and CKD might represent a
unique group in which lowering uric acid might benefit not simply reducing gout attacks, but
with potential benefits on CKD and vascular and heart disease.

Hyperuricemia (especially when unrelated to renal retention)

The CKD-FIX and PERL studies were not designed to study the benefit of treating
hyperuricemia, therefore, both trials included subjects with normal uric acid levels. The
risk for developing CKD, however, increases dramatically after serum uric acid levels

reach the hyperuricemic range (typically at around 8 mg/dl), especially in women [44—

46]. For example, in one population-based study, the risk for ESKD was 1.22 for men
without hyperuricemia and 4.64 for men with hyperuricemia and 0.87 for women without
hyperuricemia and 9.03 for women with hyperuricemia [44]. In the PERL study, the mean
serum uric acid was in the normal range (6.1 mg/dl) documenting that the trial largely
included normouricemic individuals. Any entry serum uric acid level was acceptable for the
CKD-FIX trial, and since approximately half of CKD subjects are hyperuricemic at the time
of dialysis initiation [47], it is likely that there were significant numbers of patients with
normal uric acid levels despite the mean uric acid at entry being in the hyperuricemic range.

It is also possible that the #ype of hyperuricemia may be important. Many of the metabolic
effects of uric acid appear to be mediated by intracellular uric acid levels. Factors that
stimulate the production of uric acid, such as fructose, increase intracellular uric acid

that then secondarily increases circulating (extracellular) uric acid [48,49]. This is then
associated with a variety of metabolic effects, including the stimulation of oxidative stress,
inflammation, and mitochondrial dysfunction [11,50,51]. Similarly, increasing extracellular
uric acid can also lead to an increase in intracellular uric acid associated with metabolic
activation [52]. However, recent studies suggest that high levels of extracellular uric acid
may turn down the urate transport system reducing their ability to increase intracellular uric
acid, at least in the monocyte [53].
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This would suggest that hyperuricemia due to increased production might be more likely
to mediate inflammatory effects compared to passive retention of uric acid such as

from worsening kidney function. This might explain why hyperuricemia in the setting of
normal renal function (which may be more likely from increased production) predicts the
development of CKD while elevated uric acid in subjects with preexisting CKD does not
predict worsening of kidney function [1].

One indirect way to assess intracellular uric acid is by measuring plasma xanthine oxidase
activity by enzyme activity assays or western blot analysis. Indeed, plasma xanthine oxidase
activity correlates with metabolic disorders better than serum uric acid [54]. Plasma xanthine
oxidase activity have been linked with insulin resistance even when serum uric acid levels
are low (<4 mg/dl) [55]. Plasma xanthine oxidase activity is high in many subjects with
CKD, but it does not correlate well with serum uric acid [56]. Interestingly, subjects with
CKD and elevated plasma xanthine oxidase activity have the greatest risk for developing
cardiovascular events [56]. Thus, future studies may need to specifically test whether
lowering uric acid benefits CKD subjects with hyperuricemia associated with or without
elevated plasma xanthine oxidase activity.

Elevated Fractional Excretion of Uric acid.

While the the role of uric acid has generally focused on serum and intracellular uric acid,
elevations in urinary uric acid may also predispose to kidney injury via crystalline and non-
crystalline effects. The best example is tumor lysis syndrome in which massive production
of uric acid leads to marked hyperuricemia with urate crystallization in the urinary tubules,
leading to local obstruction and inflammation and an acute kidney injury (AKI) [57,58].
Similar types of AKI have been reported following rhabdomyolysis, grand mal seizures,
and following cardiovascular surgery (especially in children). Urate crystalluria may also
occur with heat stress and could potentially have a role in the CKD of unknown etiology
observed in Central America [59]. AKI can also occur with the acute administration of
uricosuric agents in hyperuricemic individuals [60]. Finally, AKI can occur in hypouricemic
individuals with genetic absence of key urate transporters, such as SLC2A9 or URAT1
[61]. In the latter cases, this usually occurs after exercise in which uricosuria is worse and
dehydration may be more common. One study reported that administering xanthine oxidase
inhibitors to a hypouricemic individual with recurrent AKI led to a resolution of the AKI
[62]. This is an example of how uric acid could be causing AKI even when the serum uric
acid is <2 mg/dl.

Therefore, uric acid could potentially be causing CKD in some patients through a
crystalluria mechanism. Indeed, we found that administering bicarbonate to type 1 diabetic
subjects could alkalinize the urine, reduce urate crystals, and decrease tubular biomarkers of
injury [63].

Today numerous studies are evaluating the effect of bicarbonate supplementation as a means
to slow CKD progression[64]. While the focus has been on correcting metabolic acidosis,

a simpler mechanism might be that it is alkalinizing the urine and decreasing urate crystal
formation. Indeed, acid urine pH is now recognized as a risk factor for CKD [65]. It would
be of interest if the benefit of bicarbonate administration was primarily in subjects who have
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acid urine and high urinary uric acid levels. Again, a clinical study investigating this might
be warranted.

Hyperuricemia associated with Non-alcoholic liver disease (NAFLD) or Type 2 Diabetes

Experimental studies suggest that intake of added sugars containing fructose have a major
role in driving both nonalcoholic fatty liver disease (NAFLD) and type 2 diabetes, and in
both conditions there is evidence that elevations in intracellular uric acid has a contributory
role [66,67]. Hyperuricemia is also a predictor for CKD in the subject with type 2 diabetes
[68]. Likewise, the prevalence of CKD is higher in NAFLD patients, and it has been
reported a relationship between the severity of NAFLD and the presence of decreased eGFR
or proteinuria [69]. Moreover, incident CKD is also common in patients having NAFLD
diagnosed by ultrasound at baseline [70]. Xanthine oxidase is shed into the circulation
mainly from liver cells and its serum activity is increased in NAFLD patients [71].

These observations raise the possibility that hyperuricemia subjects with type 2 diabetes

or NAFLD may benefit from XO inhibitors to prevent or slow CKD progression.

Biomarkers and Mendelian Randomization

Today we tend to assess the role of uric acid in disease by evaluating serum uric acid, and
while it generally correlates with gout, metabolic disease, and kidney disease, we should
recognize that serum uric acid level, may not reflect the systemic urate burden/pool, nor

the intracellular uric acid level. As mentioned, experimental studies suggest that it is the
intracellular uric acid level - better reflected by plasma xanthine oxidase activity - that drives
most metabolic and renal diseases, and it is the fractional excretion of uric acid and the
urinary pH that dictate urinary crystallization and acute kidney injury in crystal-dependent
models of injury.

Even gout is imperfectly predicted by serum uric acid level. The classic teaching is that the
risk for gout occurs when uric acid levels are greater than 6.8 mg/dl, since this represents
the saturation concentration when uric acid crystallizes in water containing 140 mM sodium
at pH 7.4. [72] Nevertheless, of the 30 million people in the United States with serum

uric acid levels above this concentration, only 9 million have gout [73]. Thus, one can

have super-saturable uric acid concentrations without having gout. Likewise, one can have
gout attacks despite uric acid levels being < 6 mg/dl.[74,75] One possibility is that serum
uric acid was high but that it was lower when measured during an acute gout attack due

to transient increased urinary excretion[76]. There is also often an inappropriate reliance

on fasting serum uric acid, as this may not accurately reflect postprandial levels following
intake of purines or fructose, or with the acute effects of exercise or heat [59,77,78]. Despite
these concerns, some subjects always have normal uric acid levels when tested on multiple
occasions despite suffering from gout [74].

Thus, while generally one can ascribe gout as a condition associated with an elevated serum
uric acid, a high serum uric acid is not requisite for gout nor does a low serum uric acid
exclude it. It is similar to the story of the sugar cubes. If one sees a series of white sugar
cubes, one cannot say that there are only white sugar cubes, but if one sees a series of white
sugar cubes and one brown cube, one can say with certainty that sugar cubes do not always
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have to be white. The implication is that serum uric acid is not directly causal of gout, for
one can have high uric acid levels without gout and low uric acid levels with gout. Rather,
serum uric acid is a risk factor and the true causal risk factor is the net effect of the various
factors driving urate crystallization that are important in determining whether a gout attack
occurs.

A problem with the Mendelian randomization studies is that they assume the serum uric
acid is not only the most important uric acid marker, but that it represents causality when it
relates to uric acid disorders. While serum uric acid may commonly reflect intracellular uric
acid, we know from the earlier discussions that this does not need to be true.

Mendelian randomization studies also depend on genetic score based on gene
polymorphisms that influence serum uric acid. Most of these genes influence transport

in and out of cells rather than affecting uric acid production. One of the strongest genetic
polymorphisms involves SLCZA9, which has opposing functions depending on where it

is expressed in the body, such that it eliminate serum uric acid via the gut but increases
serum uric acid via the kidney [79]. This is why knocking out SLC2A9 in the kidney, or
systemically, causes massive uricosuria and hypouricemia [80], but knocking out SCL2A9
in the liver causes hyperuricemia [79]. Interestingly, there is evidence that the metabolic
effects of fructose and uric acid primarily result from metabolism in the liver [81]. Evidence
supporting this comes from the gut-specific SLC2A9 knockout that develops metabolic
abnormalities (increased body fat, hyperinsulinemia, hypertriglyceridemia, elevated blood
pressure)[79]. Thus a polymorphism in SLC2A9 that raises serum uric acid via its effects on
the kidney would not be expected to cause metabolic effects since there would be enhanced
excretion of uric acid in the gut, reducing portal vein and hepatic levels. This could account
for the negative Mendelian studies [17,20,82]. Nevertheless, more recently a number of
Mendelian randomization studies have been able to associated genetic uric acid scores with
a variety of outcomes, including hypertension, cardiovascular events, and kidney disease
[83-86].

In summary, while the PERL and CKD-FIX studies have given important information, it is
not a time to abandon all studies on the role of uric acid in CKD. Rather, it is an exciting
time to test whether targeting specific subpopulations to test whether lowering uric acid

in these groups can provide benefit (Figure 1). Among these specific subgroups, are the
patients with gout, with hyperuricemia, with high plasma xanthine oxidase, and patients with
high urinary excretion of uric acid.
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Chronic Kidney Disease and Uric Acid: Subpopulations To Consider for Clinical Trials

Normouricemic CKD

Hyperuricemic CKD

Epidemiologicand
Clinical Studies Suggest
Minimal Benefit of
Treatment

Many Subjects with CKD

(Likely 40 to 50 percent, including

most type 1 diabetes subjects)

Hyperuricemia without Gout

(Especially those with type 2

diabetes and those with high XO

levels)

Hyperuricemia is
associated with marked
increased risk for CKD
compared to
normouricemia

These Normouricemic
Subgroups should be
considered for Clinical
Trials

Unique Normouricemic Groups

(Untreated Gout, or high XO levels, or
increased urinary uric acid crystalluria
(from high FEUA or low urine pH))

Subjects with Inadequately
Treated Gout

may account for up to 30% of all
y P

CKD)

One third of CKD

subjects have gout of
which two-thirds are
inadequately treated

Figure 1. Chronic Kidney Disease and Uric acid: Subpopulations to Consider for Clinical Trials.
We do not recommend uric acid lowering treatment for normouricemic subjects with CKD,

that includes the majority of type 1 diabetic subjects (yellow blocked section) based on the
results of the CKD-FIX and PERL studies. This also includes many subjects with CKD who
may have hypertension or proteinuria. However, there are certain subsets of CKD for which
we would recommend clinical trials (brown boxes). This would include subjects with gout,
subjects with hyperuricemia (especially those with type 2 diabetes or those with high plasma
xanthine oxidase levels), and those relatively unique normouricemic subjects with untreated
gout, high plasma XO levels, or with evidence of urate crystalluria (with low urine pH or
high fractional excretion of uric acid).
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