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Uric acid (UA) is the final product of purine metabolism in the human body, and impaired
purine metabolism can increase the uric acid in serum, finally resulting in hyperuricemia
(HUA). Current evidences suggest that urates might have antioxidant properties under
certain circumstances, but most evidences suggest that urates promote inflammation.
Hyperuricemia leads to the formation of urate crystals, which might be recognized as a red
flag by the immune system. Such a response stimulates macrophage activation, leads to
the activation of NOD-like receptor protein 3 (NLRP3) inflammasome vesicles, and
ultimately the production and liberation of interleukin-1b (IL-1b) and interleukin-18 (IL-
18), which can mediate inflammation, apoptosis and necroinflammation and cause an
inflammatory cascade response. The kidney is one of the most commonly affected organs
in HUA, which promotes the development of chronic kidney disease (CKD) by damaging
endothelial cells, activating the renin-angiotensin system (RAS), and promoting
inflammatory responses. Pharmacological interventions and lifestyle modifications are
the primary means for controlling gout and lowering UA. The febuxostat is safe for CKD
patients in the UA lowering therapy. Although dialysis can reduce UA levels, the
application of drug is also necessary for dialysis patients. This article reviews the
synthesis and metabolism of UA, etiology of HUA, the relationship between HUA and
kidney disease, the treatment of gout and gouty nephropathy (GN).
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INTRODUCTION

Uric acid is the final metabolic product of purines in humans. As the final product of exogenous
purines from food and endogenous purines from damaged and dead cells, uric acid is synthesized
mainly in the liver, intestine and vascular endothelium (1). The kidney plays a leading position in
the excretion of uric acid, with about 70% of the uric acid produced daily being excreted by the
kidneys; as the remaining 30% is excreted from the intestines (1). After filtration by the glomerulus,
uric acid is absorbed, secreted and reabsorbed by the proximal tubule, and the unabsorbed portion is
excreted in the urine. In the proximal tubule, reabsorbed urate is secreted into the tubular lumen,
about 10% of the filtered urate is excreted in the urine, and the rest 90% is reabsorbed (2).
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Under physiological conditions, the synthesis and excretion
of uric acid in our body is in balance. Hyperuricemia results
when this balance is disturbed. Typically, levels of serum uric
acid >6.8 mg/dl are considered to be hyperuricemia (3). The
overall prevalence of hyperuricemia in China is 13.3%, and the
prevalence of gout is 1.1%, Hyperuricemia is more common in
men than in women; UA levels in women of reproductive age are
lower than their male counterparts due to the inhibition of renal
urate reabsorption with an increased renal urate clearance by
estrogenic compounds (4). Elevated plasma uric acid is caused by
either overproduction or decreased excretion. Overproduction is
usually idiopathic and may also occur as a result of increased
purine release due to massive tissue destruction, such as tumor
lysis syndrome, crush injuries or intractable epilepsy.
Overproduction may also be caused by genetic enzyme defects
and reduced excretion may be idiopathic and related to drugs
(e.g., thiazide diuretics, cyclosporine A). The dietary factor plays
an important part in the development of hyperuricemia (5), as
purine eventually degrades into uric acid; excessive consumption
of alcohol and purine-rich foods (such as red meat, seafood,
some vegetables, and animal proteins) is associated with the
development of hyperuricemia. Dairy product intake is
negatively associated with serum urate concentration (3). The
development of hyperuricemia has been shown to be associated
with multiple genetic factors and the uric acid transporter
protein genes SLC2A9 (encoding GLUT9), SLC22A12
(encoding URAT1), SLC17A1 (encoding NPT1) and ABCG2
were most strongly correlated with changes in serum uric acid
levels (6–9). Therefore, by detecting pathogenicity associated
with urate crystals, gene assay can screen for high risk of gout in
hyperuricemia patients.

When the level of serum uric acid exceeds the solubility
threshold, uric acid precipitates into crystalline urate crystals,
which manifest as acute episodes of painful arthritis, forming
gout (10). Studies have found that a variety of factors influence
the information of urate crystals, such as temperature, sodium
ion concentration, pH, mechanical stress, cartilage composition,
uric acid binding antibodies, cartilage and synovial fluid
composition (11). Although some patients do not relapse after
the first episode, the majority progress naturally, showing
chronic inflammation, frequent attacks, gout stone formation
and joint destruction (12). Only about 2-6% of patients with
hyperuricemia progress to gout (3), but the mechanism by which
most patients with hyperuricemia do not develop gout is not yet
understood (13). A multi-stage genome-wide association study
(GWAS) identified three loci, 17q23.2 (rs11653176, BCAS3),
9p24.2 (rs12236871, RFX3) and 11p15.5 (rs179785, KCNQ1),
which contain inflammatory candidate genes and are likely to be
associated with the development from hyperuricemia to gout
(14). Another GWAS study showed that three loci (CNTN5,
MIR302F and ZNF724) were related to the mechanism of gout
development (15), which is different from the gout risk loci that
raise serum uric acid levels we know now. In this review, we
focus on the role that uric acid and gout play in kidney disease
and the problems currently encountered in the treatment of
gouty nephropathy.
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URIC ACID - ANTI-INFLAMMATORY, OR
PRO-INFLAMMATORY?

It has been shown that urate has properties to scan for free
radicals and has strong antioxidant capacity in human body (16).
Uric acid positively affects neurological function by inhibiting
the accumulation of oxygen free radicals, stabilizing calcium
homeostasis, maintaining mitochondrial function and protecting
neurons from glutamate-related toxicity. Against the data
supporting the anti-inflammatory effects of urate, urate has
been found to be a pro-oxidant, forming free radicals in the
reaction with other oxidants that appear to target mainly lipids
(e.g., low-density lipoprotein (LDL)) (16). Uric acid stimulates
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase-dependent reactive oxygen species (ROS), leading to
mitogen-activated protein kinase (MAPK) kinase p38 and
extracellular regulated protein kinases (ERK) 1/2 activation,
decreased nitric oxide bioavailability, and increased protein
nitrosylation and lipid oxidation (17). The limited prospective
data do not clearly support the potential antioxidant and organ-
protective effects of urate. On the contrary, when the pro-
inflammatory effects of urate exceed the anti-inflammatory
effect, especially as its dissolution exceeds the limit (>6.8 mg/
dL), gout occurs. The results of several observational studies have
shown that hyperuricemia is associated with hypertension (18)
and heart failure (19).
GOUT AND KIDNEY DISEASE

Gouty nephropathy, also known as uric acid nephropathy, is a series
of kidney disorders caused by an increase in uric acid in the human
serum, which accumulates in the renal tubules and interstitium over
a long period of time. Renal damage is a common comorbidity of
gout and as kidney function declines, uric acid excretion through
the urine is reduced, leading to hyperuricemia. Persistent
hyperuricemia leads to the formation of urate crystals in joints
and tissues (20). A recent meta-analysis estimated that 24% (95%
confidence interval 15 - 28) of gout patients exhibited chronic
kidney disease beyond stage 3 (21). Hyperuricemia also often occurs
in advanced CKD, with a prevalence of 64% in patients with stage 3
CKD and 50% in patients with stage 4 or 5 CKD (22). In a
representative national study in the USA, 19.9% of gout adults
had CKD ≥ stage 3, in contrast to 5.2% in adults without gout (23).
Uric acid induces hypertension by affecting endothelial function and
impaired nitric oxide production, and hypertension may be the
initial trigger for subclinical renal damage. UA significantly
increased the production of reactive oxygen species and
angiotensin II, inducing senescence and apoptosis of endothelial
cells at concentrations above 6 and 9 mg/dL, respectively.
Hyperuricemia may also lead to microvascular injury by
stimulating the renin-angiotensin system (RAS) (24), inhibiting
endothelial-type nitric oxide and vascular smooth muscle
proliferative effects (Figure 1). Hyperuricemia increases renin
expression in glomerular cells and (pro)renin receptor expression
July 2022 | Volume 13 | Article 911968
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in endothelial cells, while decreasing nitric oxide synthase-1
expression in the macula. The formation of urate crystals in
hyperuricemia causes gout attacks largely through activation of
monocytes and macrophages, generates NLRP3 inflammatory
vesicle-mediated interleukin (IL)-1b release, and leads to many
other local and systemic high-level pro-inflammatory responses and
joint neutrophil in-flow and activation (25). Consistent with the
findings of urate crystals, Braga et al. showed that soluble uric acid
salts also activate NLRP3 inflammatory vesicles and induce IL-1b
production. This proinflammatory effect of uric acid on tubular cells
works through High mobility group box chromosomal protein 1
(HMGB1) release and nuclear factor kappa-B (NF-kB) signaling
activation (26). In this context, the hypo-inflammatory phenotype
in CKD has been confirmed by several studies, which are associated
with increased concentrations of serum C-reactive protein, multiple
pro-inflammatory cytokines, prostaglandins and leukotrienes, and
dysbiosis of the intestinal flora (27). In addition, cumulative data
suggest that treatment to reduce UA may slow the progression of
these diseases.
PATHOGENESIS OF
GOUTY NEPHROPATHY

The mechanism of GN is mainly related to hyperuricemia and
the deposition of monosodium urate crystals in the body.
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Survival conditions comprise high purine intake, excessive
obesity and high dietary fructose concentration drinks,
combined with the abuse of some drugs that affect the
metabolic process of acid, such as thiazide diuretics, salicylates,
and other metabolic substances such as lactic acid, ketone bodies
and angiotensin. Excess uric acid deposited in the capillaries
greatly increases the burden on the kidneys, leaving them in a
state of long-term compensatory work, which eventually leads to
a decrease in the filtration function of the kidneys and the
deposition of urate crystals in the kidneys, causing lesions.
Monosodium urate crystals precipitate in the renal tubules
(usually the collecting ducts) , causing acute gouty
nephropathy. Uric acid stones may develop in 15-20% of
patients with acute gouty nephropathy (28). Chronic gouty
nephropathy is associated with urate crystal deposits and is
mainly seen in patients suffer from gout, hypertension. The
characteristic histological features of uric acid nephropathy are
the presence of urate deposits in the interstitium and tubules,
which can be seen as birefringent, needle-like urate crystals.
Microcalcifications in the collecting ducts can cause dilatation of
the collecting ducts and predispose to secondary bacterial
infections. It is also associated with endothelial cell damage,
activation of the renin-angiotensin system (RAS), induction of
inflammatory responses by monosodium urate crystals, and
activation of the cyclooxygenase (COX-2) system. A cross-
sectional study of 502 patients found that the renal medulla of
patients with severe gout was diffusely hyperechoic (29). This
FIGURE 1 | Uric acid promotes the development of CKD by damaging endothelial cells, activating the RAS, and promoting inflammatory responses. PKC, protein
kinase C; ER, endoplasmic reticulum; NOS, endothelial nitric oxide synthase; HMGB1, high mobility group box chromosomal protein 1; NF-kB, nuclear factor kB;
RAS, renin-angiotensin system.
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finding supports the idea that the renal medulla of patients with
long-term untreated gout is echogenic, which may be associated
with the development of gout stones within the renal medulla.
This nephropathy is not the only mechanism of hyperuricemia
and gouty kidney damage; other factors, such as vascular
involvement and non-steroidal anti-inflammatory drugs occur
in 15-20% of patients with acute gouty nephropathy. Acute gouty
nephropathy shows clusters of urate crystals in the aggregated
tubular lumen with acute tubular damage. Needle-like
birefringent crystals of sodium urate are seen on alcohol-fixed
or frozen sections. These crystals dissolve during paraffin-
embedded tissue processing and form needle-like fissures.
Chronic gouty nephropathy presents as intra-tubular and/or
interstitial microliths consisting of a central needle-like cleft
surrounded by cellular reactions including epithelioid
macrophages, lymphocytes and eosinophils, accompanied by
tubular interstitial fibrosis. Glomerular changes include
thylakoid stromal hyperplasia and double contouring of the
glomerular basement membranes (28).
TREATMENT OF GOUT AND
GOUT NEPHROPATHY

The main goal of gout treatment is to remove all urate crystals by
lowering uric acid levels below 6 mg/dL. The process of
deposition of urate crystals is reversible; crystals continue to
form in gout patients and persist in patients with hyperuricemia,
but dissolve when serum uric acid is lowered below the
saturation point and the associated inflammation subsides with
the disappearance of urate crystals (30). Importantly, lower uric
acid levels lead to an accelerated rate of crystal dissolution: serum
uric acid values below 4 mg/dL reduce the diameter of gout
stones at a rate twice as fast as serum uric acid values above 5 mg/
dL (31). Early treatment can lead to easier improvement. The
2020 American College of Rheumatology (ACR) guidelines
recommend colchicine, non-steroidal anti-inflammatory drugs
(NSAIDs), and non-gut/oral glucocorticoids as first-line
treatment options for gout (32). However, treatment options
for gout attacks with minimal or no residual renal function are
limited, with the potential risk of further renal impairment.
Corticosteroids have been recognized as the safest option for
most patients with gout attacks and CKD (25). Short-term use of
glucocorticoids is considered an acceptable risk and long-term
use of glucocorticoids can lead to an increased risk of associated
adverse events, particularly infections (33). The use of NSAIDs is
a very common treatment for gout attacks but is not indicated for
patients with renal injury (RI) and many comorbidities in older
adults. In the AGREE clinical trial, low-dose colchicine was
comparable to high-dose colchicine for the treatment of gout
attacks with minimal side effects; therefore, low-dose colchicine
has been recommended for the prevention and treatment of gout
attacks (34). However, the use of colchicine for the treatment of
gout attacks in RI patients has been banned (35). There are
several randomized controlled trials (RCT) on colchicine to treat
gout attacks, none of which have results stratified by renal
Frontiers in Endocrinology | www.frontiersin.org 4
function (36). In case reports and case series, we see different
results on the effects of gout attack treatment on renal function.
For example, 12 studies reported worsening renal function with
colchicine, while another seven studies reported stable renal
function with colchicine (37). All NSAIDs are widely regarded
as contraindications in advanced CKD, and those patients with
renal failure are usually given intraarticular or systemic steroids.

For gout sufferers, dietary control is advocated. Reduce the
consumption of high purine foods such as animal offal, red meat,
sugar, seafood, soda and alcoholic beverages. Eat plenty of
vegetables, vitamin C, skimmed milk, low-fat yoghurt, soy
products, drink plenty of water (keep daily urine output above
2000ml), and avoid full meals. Alkalinize urine to pH 6.2-6.5
(excessive alkalinization tends to form calcium phosphate or
calcium carbonate stones). Lifestyle modifications: exercise
properly, lower body mass, drink green tea, maintain proper
hunger (1 hour of hunger rests organs and increases longevity
genes), promote early dinner, and in addition, educate patients
properly to improve compliance and treatment outcomes.
THE USE OF URIC ACID-LOWERING
DRUGS IN PATIENTS WITH GOUT

There are two main types of drugs that are commonly used
clinically to lower blood uric acid (ULT): XO inhibitors that
inhibit uric acid synthesis, such as allopurinol and febuxostat, and
drugs that improve the excretion of uric acid (benzbromarone, etc.).
Compared with allopurinol, previous studies have shown febuxostat
to be more effective and safer. Recent studies have shown that ULT
has no effect on the occurrence of the primary endpoint events
(cardiovascular death, non-fatal myocardial infarction, non-fatal
stroke, or unstable angina combined with emergency
revascularization). XO inhibitors have been reported to be
beneficial in CKD. A meta-analysis showed that XO inhibitors
reduced the risk of end stage renal disease significantly and also
improved estimated glomerular filtration rate (eGFR) from data
from randomized controlled trials with long-term follow-up (>3
months) (38). Further studies are needed to elucidate the effect of
non-purine XO inhibitors on the development and progression of
CKD. However, current meta-analyses do not demonstrate a
nephroprotective effect of ULT. CKD is shown to lead to an
increased risk of cardiovascular disease (CVD) in the general
population (39). The use of ULT in patients with advanced CKD
varies considerably among rheumatologists, nephrologists and
general practitioners (40), and the proper use of ULT in patients
with gout and CKD is controversial. The ACR, the European
Rheumatism Association and the British Society for
Rheumatology have published the updated guidelines with
difference in some important areas, such as allopurinol dosing in
patients with CKD (32, 41, 42). Allopurinol is metabolized in the
liver to active allopurinol and excreted by the kidneys. When the
kidneys are not functioning properly, allopurinol tends to
accumulate in the body, increasing the risk of drug toxicity. There
are two main reasons for avoiding the use of ULT in patients with
CKD: lack of efficacy and increased risk of adverse events. In
July 2022 | Volume 13 | Article 911968
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general, patients with eGFR <30ml/min/1.73m2 are reluctant to use
allopurinol because of the potentially fatal allopurinol
hypersensitivity syndrome (AHS) and the poor prognosis for
patients with impaired renal function who develop AHS (43).
Febuxostat is a non-purine selective xanthine oxidase inhibitor,
metabolized mainly in the liver by glucosylation, and its use in CKD
has become more widely accepted. In one of the largest studies of
febuxostat for CKD, which included 96 patients with glomerular
filtration rates (eGFR) in the range of 15 - 50 ml/min/1.73 m2,
febuxostat 60 - 80 mg/day was associated with a reduction in serum
urate concentrations (compared with placebo) but no reduction in
renal function (44), which may suggest that febuxostat is effective in
reducing serum uric acid and is well tolerated in patients with
moderate to severe renal insufficiency in gout. It is not clear whether
the rate of gout attacks in patients with CKD at the time of initiation
of ULT is the same as in those without ULT and whether
prophylaxis is always required (45).

Regarding the cardiovascular safety of febuxostat versus
allopurinol in patients with gout and CVD, the use of
febuxostat in CVD patients has been controversial. CARES
conducted a large randomized controlled trial (RCT) in the
United States in patients with gout and pre-existing
cardiovascular disease. CARES randomly assigned 6190
patients with gout and cardio-vascular disease to receive
febuxostat or allopurinol and patients were stratified according
to kidney function. The CARES study found that all-cause and
cardiovascular mortality were higher in the febuxostat group
than in the allopurinol group (hazard ratio for death from any
cause, 1.22 [95% CI, 1.01 to 1.47]; hazard ratio for cardiovascular
death, 1.34 [95% CI, 1.03 to 1.73]) (46). FAST is another large
randomized controlled trial conducted in European countries to
compare the cardiovascular safety of febuxostat versus
allopurinol in patients with gout. The primary endpoint of
febuxostat was not lower than that of allopurinol. In contrast
to the CARES trial, FAST found that febuxostat treatment was
not associated with increased cardiovascular death or all-cause
mortality, and mortality in the febuxostat group was lower than
in the allopurinol group. In the febuxostat group, 222 (7.2%) of
3063 patients died and 1720 (57.3%) of 3001 in the safety analysis
set had at least one serious adverse event (with 23 events in 19
[0.6%] patients related to treatment). In the allopurinol group,
263 (8.6%) of 3065 patients died and 1812 (59.4%) of 3050 had
one or more serious adverse events (with five events in five
[0.2%] patients related to treatment) (30). Although the two
studies were of similar size, there were still several differences.
Only 33% of patients in FAST had cardiovascular disease at
baseline while all patients in CARES had established
cardiovascular disease. FAST had more complete follow-up
Frontiers in Endocrinology | www.frontiersin.org 5
than CARES because they used telephone or personal contact
and national hospitalization and death records. In consideration
of these findings, we should reconsider the use of febuxostat in
patients with cardiovascular disease.
DIALYSIS AND URIC ACID

Dialysis provides appropriate clearance of serum uric acid. Relevant
studies have shown that the average uric acid in hemodialysis
patients is less than 5 mg/dL and the average serum uric acid
after dialysis is less than 1 mg/dL, suggesting that the initiation of
hemodialysis leads to clearance of tophus (43). It has been shown
that serum urate reaches target concentrations less frequently in
hemodialysis patients than in peritoneal dialysis patients, possibly
because dialysis removes urate intermittently rather than
continuously (47). It is also shown that ULT should be
considered as dialysis alone is not enough to achieve ideal serum
urate levels for patients (48). Allopurinol, the active metabolite of
allopurinol, has been shown to be effective in reducing serum uric
acid in hemodialysis patients.
CONCLUSION

Much of the current knowledge of the biological role of uric acid
comes from experimental studies that have revealed that uric
acid is associated with immune system activation and
inflammation hyperuricemia may play a key role in the
development and progression of CKD. Available evidence
suggests that uric acid reduction therapy may slow the
progression of CKD, although the molecular mechanism of
uric acid-induced gout nephropathy remains to be further
understood. Gout patients should be screened for renal
function and clinicians should be aware of the link between
gout and impaired renal function. The use of ULT drugs remain
controversial. Long-term dietary control, lifestyle modification
and patient education are the cornerstones of treatment.
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