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Asymptomatic Hyperuricemia: A Nephro-Rheumatological
Perspective

Barbara Moszczuk's< - Katarzyna Zycinska23# - Krzysztof Mucha*5#

Abstract

Hyperuricemia (HU) is a common disorder associated with gout, kidney injury, and high cardiovascular risk. However, whether high serum uric acid (sUA) is a
causative factor or just comorbidity remains unclear. When asked if asymptomatic hyperuricemic patients need treatment, even artificial intelligence in the form of
the GPT chat provides an ambivalent answer and refers us to a healthcare provider. We believe that such discrepancies stem from an incomplete understanding
of the role that uric acid (UA) plays inside and outside the cell. With the rapid development of genomics, proteomics, immunology, and novel biomarkers, we are
armed with new data to help us better understand the weight of inborn and environmental factors on an individual’s UA concentrations. This review sums up the
latest progress that has been made in the field of asymptomatic HU, compares the results presented by various research teams, and indicates new directions

that emerge for future studies.
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Abbreviations

AKI, acute kidney injury; ALL, allopurinol; CKD, chronic kidney
disease; CR, creatinine; FBX, febuxostat; FEUA, fractional excre-
tion of UA; GFR, glomerular filtration rate; HU, hyperuricemia;
IgAN, Immunoglobulin A nephropathy; IL, interleukin; MSU,
monosodium-urate; RCT, randomized clinical trial; ROL, renal
overload type; RUE, renal underexcretion type; sUA, serum uric
acid; TNF, tumor necrosis factor; UA, uric acid; ULDs, urate low-
ering drugs; ULT, uric acid lowering therapy; UMOD, uromodulin;
URAT1, urate transporter gene 1; UUE, urinary urate excretion.

1. Introduction

It is estimated that 20% of the general population has
asymptomatic hyperuricemia (aHU). According to the data
from the National Health and Nutrition Examination Survey
2007-2016, the incidence of hyperuricemia (HU) remained
stable in the United States (Chen-Xu et al. 2019). In 2022,
allopurinol (ALL) had been prescribed more than 15 million
times in the US alone. These data leave no doubt that uric
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acid lowering therapy (ULT) is one of the most prescribed
therapies in developed countries.

HU is independently associated with the risk of chronic kid-
ney disease (CKD), diabetes, metabolic syndrome, or hyper-
tension (Chen et al. 2019; Wu et al. 2021; Maloberti et al.
2023). In rat models, HU is linked to hypertension, higher
proteinuria and creatinine values, renal hypertrophy, and
glomerulosclerosis (Kang et al. 2002). Logically, lowering
serum uric acid (sUA) should improve cardiovascular prog-
nosis and renal outcomes. As implementing dietary restric-
tions reduces sUA only by 0.5-2 mg/dL, ULT is the only way
to achieve desired sUA levels. However, despite abundant
data on the subject, the question of whether aHU should be
treated remains an open one. Sato et al. (2019) published a
review in Nature, proposing routine measurements of serum
urate levels in patients with CKD and initiation of ULT in aHU
with deteriorating renal function. This opinion was based on
the pathophysiology of UA influence on renin-angiotensin-
aldosterone system, intracellular oxidative stress or crys-
talline effects, and the heterogeneity of clinical trials. The
authors deemed several trials noninterpretable because the
control group did not show clinically relevant progression of
CKD and argued that follow-up time over 12 months shifted
the trial results toward improvement of kidney function. They
have also underlined that available genetic studies focus on
gene polymorphisms of urate transporters and not intracel-
lular urate levels. A year later, Gonzalez-Martin et al. (2020)
published an extensive analysis exposing increased all-
cause mortality in patients with ULT and debating unreliable
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results of pro-ULT trials: high crossover between ULT and
control groups, changed definition of a renal event in a post
hoc analysis, lack of an appropriate control group, or statisti-
cal insignificance.

In our opinion, such differences between esteemed research-
ers stem from the heterogeneity of data: (a) lack of one,
precise definition of HU; (b) influence of genetic and environ-
mental factors on an individual’s sUA level; (c) possible use
of other (better?) markers of HU than sUA; (d) lack of an ade-
quate animal model to study HU; and (e) imperfect estimated
glomerular filtration rate (eGFR) calculation. Heterogenous
primary and secondary end points in clinical trials, inade-
quate follow-up, and a wide range of statistical methods used
to analyze data are some of the variables that have an impact
on our understanding of HU. Finally, the amount of data is
overwhelming, and meta-analyses bring conflicting results.
We do not aim to answer the ultimate question of “treat or not
to treat.” In our review, we analyzed the research on HU in
CKD to give the reader an update on the current trends and
the results of newly published studies. Initially, we showed
the current perception of aHU, then we debated possible
influence of HU on kidneys, and we ended by proposing the
future directions for HU studies. For the clarity of the text,
aHU is referred to as “HU,” by which we mean “higher than
normal sUA level without any evidence of tissue damage.”
We did not focus on uric acid (UA) related to acute kidney
injury (AKI) or on cardiological indications for ULT, as these
are a separate topic.

2. Defining HU

In short, HU is the concentration of UA molecules at which
urate crystals start to aggregate in laboratory conditions. The
definition is based on the solubility limit of urate in bodily flu-
ids, which depends on urate concentration, temperature, pH,
and the presence of the following nucleation centers: indica-
tors (albumins, globulins — particularly gamma-globulin type
1, and collagen 1 in synovial fluid) and reductors of nucle-
ation (ions K*, Cu2*, and Mg*). Urate remains in solution
indefinitely at a concentration of 5 mmol/L (Merriman 2024).
However, given different measuring techniques (automated
enzymatic vs. colorimetric methods, providing results higher
by approximately 1 mg/dL), the definition of HU varies from
6 mg/dL to >8 mg/dL (Mount 2023). Putative harmful effects
of elevated sUA levels on renal disorders probably occur at
concentrations that are subsaturating and do not cause gout.
Interestingly, large trials on HU had inclusion criteria ranging
from >4.5 mg/dL to >7.1 mg/dL (Gonzalez-Martin et al. 2020),
while some studies report values as high as 9.8 mg/dL as the
best mortality predictors (Hare and Johnson 2003). The ques-
tion arises whether the cutoff value for HU diagnosis should be
personalized and dependent on (a) gender — as the increased
mortality is associated with sUA >7 mg/dL in men and >5 mg/dL
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in women (Konta et al. 2020); (b) climate and ethnicity (Curhan
2021); (c) presence of comorbidities (Ulutas et al. 2021); and (d)
the underlying cause of HU. Without a clear cutoff value, even
if it is specific for certain populations, no conclusions can be
drawn regarding the treatment indications and goals.

3. Types of HU

HU stems from either increased purine biosynthesis or a
decreased clearance. UA overproduction can be related to
diet, cytotoxic drug use, lymphoproliferative disorders, hemo-
lysis, psoriasis, down syndrome, or inherited enzyme defects.
Low clearance of UA can be caused by CKD, the use of certain
drugs (thiazides, loop diuretics, aspirin, calcineurin inhibitors,
vitamin B3, or bempedoic acid), volume depletion, diabetic
ketoacidosis, lactic acidosis, obesity, high circulating insulin,
and monogenic disorders such as uromodulin (UMOD) muta-
tion and variants of encoding transporter genes (Mount 2023).
If the background is unclear or the patient does not respond
adequately to ULT, a genetic cause can be suspected, and
one should consider further investigation. Evaluation includes
placing the patient into one of the following groups: (a) renal
underexcretion type (RUE), (b) renal overload type (ROL), (c)
combined type, or (d) normal type (Nakayama et al. 2020).
Importantly, this is the only classification supported by GWAS
studies (Matsuo et al. 2016b; Nakayama et al. 2020). Two
parameters are needed to place the patient into one of the
mentioned groups: (1) fractional excretion of UA (FEUA),
which is the percentage of the urate filtered by glomeruli that
is excreted in the urine, calculated by dividing the ratio of
urine to plasma urate by the ratio of urine to plasma creati-

i (urinary UA x serum creatinine j .
nine x100% |, and (2) urinary
serum UA x urinary creatinine

urate excretion (UUE), calculated from 24 h urine collection,
expressed in mg/h/1.73 m? (Figure 1). These two parameters
can help us identify the cause of HU, for example, patients
with UUE 225 and FEUA <5.5% will likely have an extrarenal
cause of underexcretion: ABCG2 transporter dysfunction or
an intestinal inflammation (Matsuo et al. 2016a). A 24 h urine
collection is cumbersome, but no equal alternatives exist at
the moment. Efforts have been made to simplify the UUE
assessment: random urine uric acid to creatinine ratio (UA/
CR), though not accurate enough to replace 24 h UUE, can
be a useful screening tool. The ratio <0.2 identifies patients who
lose <600 mg of UA a day and, therefore, are safe candidates
for uricosuric treatment (Choi et al. 2020) — such treatment
should be avoided in “high-excretors,” as increased concen-
trations of UA in the collecting tubules can predispose to UA
stone formation.

Contrary to popular belief, diet explains very little variation
in sUA levels in the general population (Major et al. 2018).
Renal underexcretion with low FEUA is considered the
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Renal overload
UUE>=25

FEua >5,5% Overproduction:
* High cel turnover
* Enzyme defects
 Diet & drugs

FEua <5,5% Combined type — extrarenal underexcretion:
* ABCG2 dysfunction in the intestine
* Intestinal diseases: acute gastroenteritis (33)

Renal underexcretion
UUE=<25

FEua <5,5% Renal underexcretion:

* Chronic kidney disease
 Diuretic use
* Renal urate transporter gene variants

FEua >5,5% Normal type:

 Chronic kidney disease

Fig 1. Types of HU. FEUA, fractional excretion of uric acid (unit: %), HU, hyperuricemia; UUE, urinary urate excretion (unit: mg/h/1.73 m?).

predominant type of HU (Perez-Ruiz et al. 2002). UA over-
excretion is uncommon, and renal overload is responsible for
only 10%—-20% of HU (Curhan 2021). However, a recent study
found that dysfunction of the ABCG2 gene appears as often
as in 75.6% of the Japanese population. Additionally, herita-
bility of fractional excretion of UA is estimated between 46%
and 96%, which underlines the role of single nucleotide poly-
morphisms (SNPs) in the determination of patients’ UA levels
(Narang et al. 2019). Very little can be found on the “normal
type” as it is only briefly mentioned in the original (Nakayama
et al. 2020) and review papers (Ichida et al. 2012; Dalbeth
et al. 2019). Surprisingly, as Li et al. (2021) showed in their
research, in patients with CKD, FEUA increases greatly, from
6.8% in CKD stage 3 to 19.5% in CKD stage 5. According to
the authors, this result may reflect the compensation by resid-
ual nephrons as the rate of glomerular filtration determines
the UA level in advanced CKD, as opposed to renal tubular
reabsorption and secretion in healthy kidneys. This topic is
hardly mentioned in other studies. Perhaps, the high variabil-
ity of research results stems from the fact that sUA fails as
the ultimate marker of tissue damaging HU. Strong evidence
supports hyperuricosuria as a cause of kidney injury, but it is
not clear whether HU without hyperuricosuria is also harmful
(Gonzalez-Martin et al. 2020). Surrogate biomarkers of HU,
such as FEUA, UUA, clearance of UA, glomerular filtration
load of UA (Guan et al. 2020), and novel biomarkers, such
as UMOD/creatinine ratio (Wu et al. 2019) or interleukin (IL)-
37 (Ding et al. 2021) should be defined, validated, and mea-
sured prospectively during various interventions reducing
CKD progression. Moreover, it came to our attention that only
one large study measured GFR instead of estimating it with

mathematical equations (Doria et al. 2020). This can farther
contribute to bias in large-scale studies as eGFR calculated
with the CKD-EPI equation is not validated for patients with
certain conditions, for example, high body mass, very early or
late CKD stages, diabetes, or kidney transplant. Measuring
GFR should be the standard procedure when planning trials
aimed at settling long-disputed subjects. Additionally, stud-
ies should not only rely on GFR to assess kidney function.
Other biomarkers such as albumin-creatinine ratio, neutro-
phil gelatinase-associated lipocalin, kidney injury molecule 1,
or transforming growth factor (TGF)-p1 can provide valuable
information about kidney damage (Perrenoud et al. 2020).

4. Pathophysiology of UA-Induced
Kidney Injury

There is a significant difference in the inflammatory process
causing gout and hypothetical mechanism causing chronic
kidney injury. Metabolic and renal effects of HU are medi-
ated by intracellular urate (an ionized form of UA, dominating
in the blood). A drop in pH shifts the balance toward UA
in the form that later can cause gout. In normal pH of the
blood, urate stimulates NADPH oxidase and migrates to
the mitochondria. This increases the intracellular oxidative
stress, even though extracellular UA acts as an antioxidant
(reviewed by Sato et al. [2019]). In gout, monosodium-urate
(MSU) crystal deposition triggers the formation of inflamma-
somes, consisting of three domains (NACHT, LRR, and PYD)
containing protein 3 (NLRP3) and an adaptor protein. The
inflammasome is activated by caspase 1, on which it starts
to produce IL-1B and IL-18, further inducing the production



of secondary inflammatory mediators (tumor necrosis factor
[TNFl-o, IL-6, and IL-8) and recruitment of neutrophils.
Neutrophils are central to the positive feedback loop of inflam-
mation: crystal phagocytosis and degranulation, direct crystal
lysis, activation of monocytes/macrophages and comple-
ment pathways, and release of mediators of pain and tissue
damage (Dalbeth and Haskard 2005). Finally, the flare is
resolved in part thanks to NETs, which are neutrophil extracel-
lular trap structures, formed from neutrophils after they have
undergone an oxidative burst. In an environment with high
neutrophil densities, NETs capture and degrade cytokines
and chemokines via serine proteases. Interestingly, NET form
dense aggregates that resemble gouty tophi (Schauer et al.
2014). Novel medications (anti-IL-1 and IL1p, anakinra, and
canakinumab) in gout management are aimed at the first part
of the inflammatory process, but with the growing knowledge,
we expect even more targeted approaches.

In aHU, no acute tophi formation is observed. Ponticelli
et al. (2020) hypothesized that the abundant UA enters
epithelial cells through one of the transporters and then
damages the cells in two mechanisms (Figure 2). Inside the
cell, it triggers oxidative stress by increasing renin-angio-
tensin-aldosterone and NADPH activity and reduces nitric
oxide production. Reactive oxygen harms the endothelial
cells and induces the proliferation of smooth muscle cells,
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resulting in hypoxia and then fibrosis. The second pathway
is mediated by macrophages and dendritic cells. In receptor-
mediated and independent ways, intracellular UA activates
the inflammasome. Increased production of ILs, cytokines,
and toll-like receptor mediates injury, resulting in fibrosis,
vascular remodeling, vascular resistance, and increased
sodium absorption (Ponticelli et al. 2020).

5. UA-Related Injury in Animal Models

A pathological effect of chronic exposure to increased sUA con-
centration has not been fully proven in humans. In cell lines and
animal models, HU induces kidney injury both during acute or
chronic exposure (Johnson et al. 2018). In rats, HU activates
the NLRP3 inflammasome, synthesis of TGF-$1 and NF-xB
signaling pathways, and the expression of multiple profibrogenic
cytokines (Liu et al. 2015; Hu et al. 2022). Animals develop
microvascular and inflammatory models of kidney injury, includ-
ing afferent arteriolar disease, which impairs blood pressure
regulation and reduces blood flow. This can lead to CKD and/
or aggravation of a preexisting disease. However, animal-model
findings cannot be simply extrapolated to human subjects. So
far, the histopathological changes in animals have not been
reproduced in human subjects, e.g., in afferent arteriole resis-
tance (Lu et al. 2019; Gonzalez-Martin et al. 2020). Additionally,
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Fig 2. UA contributes to the kidney injury by nonimmunological (green arrows) and immunological (red arrows) pathways. Process description
in the main text. IL, interleukin; UA, uric acid; URAT1, urate transporter gene 1. Adapted from Ponticelli et al. (2020).
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not all animal models have shown the destructive effects of
HU on CKD. Sellmayr et al. (2020) used a mouse model with
CKD induced by aristocholic acid. The assessment was per-
formed using mass spectrometry, immunohistochemistry, con-
focal microscopy, and flow cytometry. The conclusion was that
HU alone did not cause or exacerbate CKD. Only HU with UA
crystalluria due to urinary acidification caused tubular obstruc-
tion, inflammation, and interstitial fibrosis (Sellmayr et al. 2020).
This is also known for humans with genetic defects of tubular
urate transport (SLC22A12) when hyperuricosuria may cause
nephropathy even if blood results indicate hypouricemia.

6. Chronic UA-Related Kidney
Injury (Gouty Nephropathy) and
Nephrolithiasis in Humans

Whether the deposition of urate crystals in the tubular lumen
and interstitium in the outer medulla can cause CKD in
humans has not been confirmed. Conversely, focal crystal
deposition was in the past, considering an unlikely cause of
diffused tubulointerstitial fibrosis, microvascular lesions, and
glomerulosclerosis (Moe 2010; Piani and Johnson 2021).
More recent studies named HU as a risk factor for segmen-
tal glomerulosclerosis and tubular atrophy/interstitial fibrosis,
even when sensitivity and specificity models have adequate
accuracy only for the first one (Fan et al. 2019). Gouty tophi
in kidneys are difficult not only because crystals dissolve in
formalin but also able because renal biopsies target the renal
cortex, and even in medullary tissue, tophi are reported only
in up to 4.5% of renal specimens (Ayoub et al. 2016), which
could bias experimental research. In a widely commented
study, Bardin et al. (2021) brought back the idea of micro-
crystalline nephropathy. Among 502 Vietnamese patients
with gout, 36% showed a hyperechoic pattern of Malpighi
pyramids on B-mode ultrasonography in comparison to the
kidney cortex. No such pattern was observed in a matching
control group without gout. Hyperechoic kidney medulla was
frequent in patients with tophaceous gout and associated
with features of tubulointerstitial nephritis (Bardin et al.
2021). Similar cases of superficially “asymptomatic” HU have
been recently described in other tissues (Howard et al. 2011;
Pineda et al. 2011; Dalbeth et al. 2015).

Frequently, the presence of kidney stones is associated with
UA-related tissue damage and prompts clinicians to intro-
duce a UA-lowering therapy. This is questionable, as UA
stones account for only 5%—10% of urinary tract stones in
the United States and Europe, while the risk of both UA and
calcium oxalate stones is increased in patients with gout. UA
stones are much more common (up to 40%) in hot and dry
climate, which predispose to dehydration and acidic urine pH
(Curhan 2021) or in patients suffering from chronic diarrhea
with bicarbonate loss and volume depletion, for example,
after colonic resection. The assessment of a patient with HU

and nephrolithiasis should include stone analysis or, if not
possible, the urinary pH and 24-h urine collection, before
introducing ULT.

7. HU and Urate-Lowering Therapy
in CKD

According to American College of Rheumatology, indications
for ULT include the following: the presence of subcutaneous
tophi, radiographic damage attributable to gout, gout flares
more than once a year, and a gout flare in a patient with CKD
stage 23, SU >9 mg/dL or urolithiasis. An additional indication
for ULT is the prevention of tumor lysis syndrome. According
to the Kidney Disease: Improving Global Outcomes
guidelines, aHU does not require treatment, though this
statement is marked as “low evidence.” Allergic reaction to
urate-lowering drugs (ULDs) is the main contraindication.
ALL, mostly associated with cutaneous adverse reactions, is
strongly contraindicated in patients with known HLA-B*5801
allele (the society recommends testing HLA-B*5801 for
patients of Southeast Asian and African descent). It is also
conditionally contraindicated in patients with a history of a
single gout flare or aHU (>6.8 mg/dL). Such patients should
undergo a through comorbidity screening, especially toward
hypertension, hyperlipidemia, and diabetes. For those requir-
ing hypotensive treatment, loluoan, an angiotensin Il receptor
blocker, is an advantageous drug as it lowers UA by 20%—25%
(Choi et al. 2012). A second important group of drugs with UA
reducing effect are flozins — most studies show UA reduction
by approximately 0.6 mg/dL (Sanchez-Briales et al. 2024).
A modest uricosuric effect is also exerted by calcium channel
blockers and fenofibrate.

There is no doubt that with the progression of CKD, sUA
levels rise. However, evidence that HU exacerbates preexist-
ing CKD is insufficient. The Uric Acid Right for Heart Health
Study (cohort of 21,963 patients who were followed for
9.8 years) showed that patients with albuminuria generally
have higher sUA levels (with an exception for macroalbumin-
uria and eGFR <45 mL/min), and that high sUA levels are a
risk factor for cardiovascular and all-cause mortality indepen-
dently and additively to the reduced GFR. Interestingly, the
predictive power of sSUA decreases along with the severity of
renal impairment (Maloberti et al. 2023). The authors of the
URRAH study conclude that HU most likely exacerbates kid-
ney damage; however, this study was not designed to prove
this particular cause—effect relationship.

In studies that include biopsy results, HU is considered an
independent risk factor for moderate tubular atrophy/intersti-
tial fibrosis and arteriolar damage in patients with IgA or mem-
branous nephropathy (Russo et al. 2020; Liu et al. 2021b).
Some histopathological features such as glomerulosclero-
sis, mesangial matrix expansion, endocapillary proliferation,
interstitial fibrosis, and tubular atrophy were more common



in patients with HU. However, multivariable linear regression
has shown sUA significant correlation with those features
only in female patients with immunoglobulin A nephropathy
(IgAN) (Choi et al. 2021).

8. Future Directions
8.1. Genomics and -omics in HU and CKD

The heritability of the serum UA level is estimated at 30%—60%.
A Nature paper by Tin et al. (2019) mentioned 183 susceptibil-
ity loci influencing UA traits. They can have either both hazard-
ous or protective effects, and they vary with the HU type (ROL
vs. RUE). For example, urate transporter gene 1 (URAT1/
SLC22A12), a urate transporter gene, is a causative gene for
renal hypouricemia type 1. In a study including 1993 patients
with gout and 4902 healthy individuals, none of these variants
were observed in the gout group. What is more, the URAT1
nonfunctional variants rs121907896 and rs121907892 resulted
in a decrease of 2.19 mg/dL or 5.42 mg/dL in sUA in men and
of 1.08 mg/dL or 3.89 mg/dL of sUA, respectively (Sakiyama
et al. 2016). On the contrary, alleles rs3825018, rs7932775,
rs475688, and rs3825016 of SLC22A12 are significantly associ-
ated with HU (Zheng et al. 2022). In ABCG2 gene, encoding the
efflux pump BCRP, the rs2231142 allele has significant associa-
tions with both gout and HU (Chen et al. 2018). Interestingly, a
missense allele (rs2231142) was linked to a reduced response
to ALL (Wen et al. 2015). Not only the presence of such variants
but also concomitant diseases matter. Certain SLC2A9 and
ABCG2 variants, associated with urate levels, have a signifi-
cantly greater effect on patients with CKD than on the general
population (Jing et al. 2018). As most individuals with HU never
develop gout, Kawamura et al. (2019) performed a comparative
GWAS of HU risk loci and gout risk loci. They have proposed a
two-step model of gout development: normouricemia to asymp-
tomatic HU and asymptomatic HU to gout. Importantly, different
loci are involved in these steps, suggesting that not only HU
genes but also “HU to gout” genes are required for a person to
develop gouty arthritis. Furthermore, this finding is supported by
a metabolomic study, which shows differences in the profiles of
individuals with HU and gout (Shen et al. 2021b). This partially
explains why some patients with normal sUA levels present with
UA-mediated inflammation (Kawamura et al. 2019). The three
identified “HU to gout” paths included susceptibility loci: CNTN5,
MIR302F, and ZNF724. These findings may be different in the
European population as the cohort in Kawamura et al. (2019)
study included only Japanese men. Interestingly, CNTN5 poly-
morphism is associated with anti-TNF response in Crohn’s dis-
ease (Thomas et al. 2014). In a different paper, the sUA level
was significantly increased in patients with inflammatory bowel
disease, and successful treatment of an active form of colitis
resulted in a decrease of SUA (Zhu et al. 2019).
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The -omics studies are also a promising filed for future research.
So far, analysis of a metabolomic profile with mass spectrometry
provides distinguishing features in patients with gout vs. aHU
as they differ in metabolites involved in oxidation of fatty acids,
carnitine synthesis, or urea cycle (Liu et al. 2023). What is more,
the serum proteome seems to be different in patients with aHU,
gout, and gout with kidney damage. Correlations show a link
between abnormal plasma and immune-inflammatory response
proteins (Shen et al. 2021a).

8.2. Gout microbiota

Approximately one-third of urate is excreted through the
intestine. This active process involves an ABCG2 transporter,
expressed in the intestinal epithelium and on the luminal
surface of renal proximal tubule epithelial cells (Huls et al.
2008). Intestinal bacteria degrade urate almost completely.
The influence of gout microbiota on sUA has only been tested
on animal models, but studies show a decrease in sUA and
lesser kidney injury in rats treated with probiotics (Garcia-
Arroyo et al. 2018; Xiao et al. 2020). Whether this has any
significance for humans remains unknown.

8.3. UMOD

Tamm-—Horsfall protein also known as UMOD was first purified
in 1952. It is a glycoprotein produced exclusively in the thick
ascending limb of the loop of Henle by renal tubular cells. Its
physiological function is only partially explained. However, it
plays a crucial role in sodium balance and countercurrent gra-
dient formation, prevents adhesion of Escherichia coli to the
uroepithelium (Pak et al. 2001), and serves as a part of the
immune system by binding immunoglobulin G light chains,
complement components C1 and C1q, IL-13, IL-6, IL-8, TNF-
o, and interferon-y (Wu et al. 2018). UMOD mutations cause
familial juvenile hyperuricemic nephropathy, congenital uro-
lithiasis, hereditary HU, and gout. UMOD deficiency in mice
results in hypertension and HU (Liu et al. 2018a). Elevated
UMOD concentrations, associated with a common poly-
morphism in the UMOD region, precede the onset of CKD
(Kottgen et al. 2010). Serum UMOD was put forward as a
biomarker of tubulointerstitial injury. As mentioned above, a
proposed mechanisms in which UA could injure the kidneys
include crystal deposition in the renal tubules, impairing tubu-
lar function and reducing UMOD secretion (Scherberich et
al. 2018). A study on more than 100 Taiwanese patients with
gout revealed that the spot urinary UMOD/creatinine ratio
was significantly lower in patients with CKD than in those with
normal kidney function. Whether this indicates a protective
role of UMOD or just places it alongside other markers of
CKD in patients with gout requires further investigation (Wu
et al. 2019).
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8.4. Immunology of HU

Elevated UA and resulting MSU crystal formation can trigger
immune responses, leading to the activation of the NLRP3
inflammasome in macrophages, which in turn, induces the pro-
duction of IL-23. As a pro-inflammatory cytokine, IL-23 increases
the production of IL-17, contributing to the recruitment of neutro-
phils. IL-23 levels are heightened in patients with gout, but it
is unclear whether the same could be said about patients with
aHU. Activation of the NLRP3 inflammasome is suppressed
by IL-37, reducing the release of IL-1p, inhibiting the activity of
monocytes and macrophages. Serum |L-37 could be consid-
ered an inflammation marker as it is higher in active gout than
inactive gout patients, with no significant difference between HU
and normal controls (Ding et al. 2021). Administration of recom-
binant human IL-37 into murine models of gout downregulates
pro-inflammatory cytokines such as IL-1p and IL-6, which may
have potential for treatment (Liu et al. 2016).

The immunology of gout and HU gives much room for further
considerations. For example, if neutropenic animals have a
suppressed inflammatory response to MSU crystal injection,
which is reversed after neutrophil repletion (Merriman 2024),
do neutropenic patients need to worry about gout? As the
expression of ABCG2 (urate transporter) or IL-1B genes is
increased in patients with gout, it would be interesting to see
whether this is also true in aHU (Natsuko et al. 2022). Another
interesting issue is the influence of UA on AKI, as in vitro
studies show that the concentration >10 mg/dL decrease the
number of reactive oxygen particles and IL-6 production in
macrophages (Gnemmi et al. 2022).

9. Efficacy and Safety of the ULT

There are several groups of ULDs: xanthine oxidate inhibitors
(XQl), which block a key enzyme in the UA production line,
uricosuric agents, which block UA reabsorption in proximal
renal tubules (probenecid and lesinurad), and drugs replac-
ing uricase (pegloticase and rasburicase), helping to convert
UA to soluble allantoin. All ULDs can cause gastrointestinal
symptoms, headaches, and skin hypersensitivity reactions.
XOI, mainly ALL and febuxostat (FBX), are considered the
safest and best tolerated group. Mild rashes with ALL use
are the main complaint; however, it can cause severe skin
reactions such as Stevens—Johnson Syndrome or toxic epi-
dermal necrolysis. ALL hypersensitivity syndrome is rare but
potentially fatal, characterized by fever, eosinophilia, renal
dysfunction, and rash. The dose has to be reduced in CKD,
preventing many patients from achieving the target level of
sUA. Although the official guidelines recommend an adjust-
ment of ALL dose to eGFR, the maximum supportive dose in
varying stages of CKD is not known. In patients with advanced
CKD not achieving the UA goal, the addition of FBX, which
has a higher gastrointestinal clearance, may be considered.

Probenecid can lead to the formation of UA stones as a
consequence of increased UA excretion; it is also contraindi-
cated in patients using salicylates or with blood dyscrasias
due to the risk of aplastic or hemolytic anemia. Lesinurad can
exacerbate CKD and cause acute renal failure (especially with
inadequate hydration) and is contraindicated if eGFR is <30 mL/
min or in advanced heart failure. Pegloticase and rasburicase
infusions can be associated with shortness of breath, flushing,
and chest discomfort and require premedication with antihista-
mines or corticosteroids. Severe allergic reactions may occur,
particularly in patients with high anti-pegloticase antibody titers.
The dose is independent of kidney function.

For many years, ALL was the drug of choice in the treatment
of HU because of the higher all-cause mortality of patients
treated with febuxostat (FBX) reported in one publication
(White et al. 2018). However, this study had a serious down-
side of no placebo group, and the cardiovascular safety of
FBX has since been revised (Pawar et al. 2021). FBX seems
to be more effective than ALL in reducing sUA (Peng et al.
2020; Yang 2020), and in several studies, including a meta-
analysis, patients on FBX have higher GFR than those on
placebo after 6 months of treatment. Similarly, in a post hoc
attribute-based analysis of the FEATHER study, FBX alle-
viated the decline in kidney function among stage 3 CKD
patients with aHU without proteinuria (Kataoka et al. 2022).
Combined with a novel drug, verinurad, it also reduces albu-
minuria in patients with type 2 diabetes (Stack et al. 2021).
Two large meta-analyses, one from 2021 of 9 randomized
clinical trials (RCTs) and a second one from 2024 of 16 RCTs,
shift toward confirmation of the nephroprotective effects
of FBX. In the first one, the FBX treated group showed a
higher eGFR at 6 months with a weighted mean difference
(WMD) of 2.86 mL/min/1.73 m? (p < 0.001) (Chewcharat et
al. 2021). The second study also showed a slower decline
in eGFR, though with a WMD of 0.90 mL/min/1.73 m?, with
most studies following patients for at least 6 months. FBX
use also reduced the urine albumin to creatinine ratio
and was associated with a reduced risk of kidney events
(Yang et al. 2024). Similar slowing of eGFR decline can
be observed with uricosuric treatment with benzbromarone
(Kohagura et al. 2023). Importantly, both quoted meta-
analyses lack the division between patients with gout and
aHU (with an exception for reduced risk of kidney events,
which was confirmed in both HU and gout groups). FBX
has good renal safety outcomes in almost all analyzed
studies (Baek et al. 2018; Kim et al. 2020; Liang et al. 2022)
and seems to be more effective than ALL in preserving renal
function in CKD stage 5 patients (Hsu et al. 2020).

Though effective in lowering sUA and preventing gout flares,
new drugs, such as anakinra or canakinumab, need further
safety studies in patients with CKD, especially in grade 3b
and lower (Pisaniello et al. 2021). New guidelines will prob-
ably include sodium-glucose cotransporter-2 inhibitors as
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Table 1. Comparison of meta-analyses published between 2022 and 2018 with various treatment regimens for HU in CKD against each other
or placebo. Trials including patients with gout were not mentioned
Year = UA(mg/dL)® @ CKD stage No. of pts® | Drugs End points® | Conclusion Follow-up, Reference
months
2024 6.3+1.49 G2-G4 2516 FBX eGFR Favoring FBX 3-12 Yang et al. (2024)
2023 >6 G2-G5 15621 ALL/FBX ADGFR Favoring ULT 3-36 Liu et al. (2018b)
2022 7 G1-G5 447 ALL/FBX/BZB eGFR Favoring ALL >6 Tien et al. (2022)
2022 NS G1-G4 722 ALL eGFR No impact 21-38 Wu et al. (2022)
UAER No impact
2022 NS G2-G5 1249 ALL/FBX/TPX eGFR No impact 5-84 Yu et al. (2022)
2022 Various? Various 866 ALL 24HP Decreased 2-36 Luo et al. (2022)
2022 596+ 1.21 G2-G4 1469 ALL/FBX eGFR No impact 4-27 Liang et al. (2022)
2022 | 7264015 | G1-G4 3095 | ALL/FBX :gEE slope m‘;ggzm 4-36 Zhang et al. (2022)
oGFR Favorin‘g TPX, other NS®
2022 7/NA G2-G4 1480 TPX/FBX/ALL UACR Reduction under TPX, 3-24 Tsukamoto et al. (2022)
other NS
2022 | Various | Various 000 | AL i Reduetion 0.5-84 | Sapankaew etal. (2022)
2021 /5"‘56(1,\/1(;),\“ Sf@ f“ 1943 | ALL/FBX/BZB ‘;G“ZE Hg 3-27 Liu et al. (2021a)
2021 7 Various 5439 SEE/FBX/TPX/ ESEE Favoring ULT >12 Sharma et al. (2021)
2021 55 Various 2141 FBX eGFR Increased 6-NI Chewcharat et al. (2021)
2019 4.61 G2-HD 1317 FBX eGFR Increased 1-25 Lin et al. (2019)
2019 NS Various 402 FBX eGFR Increased 1-12 Linetal. (2019)
2018 5461125 | G2-G4 437 FBX eGFR Increased 3-48 Zeng et al. (2018)
2018 NI G1-G4 832 ALL/FBX eGFR Favoring ULT 4-24 Liu et al. (2018b)

aLowest UA included in a single study.

®Includes placebo group.

°Selected end points.

4Various — meta-analysis includes people of all stages of CKD and healthy subjects.

¢FBX improved eGFR in CKD. ALL, allopurinol; BZB, benzbromarone; CKD, chronic kidney disease; CRE, composite renal events: deterioration of renal function,
end-stage renal disease, and initiation of renal replacement therapy; eGFR, estimated glomerular filtration rate; FBX, febuxostat; GFR, glomerular filtration rate; NI,
no information; NS, no significance difference; pts, patients; TPX, topiroxostat; UA, uric acid; UAER, urinary albumin excretion rate; ULT, uric acid lowering therapy;
24HP, 24-hour proteinuria.

their effect on lowering UA was reported in 43 randomized
controlled trials (Yip et al. 2022). As this group has recently
conquered the field of heart insufficiency therapy, it will be
interesting to see whether the cardioprotective effect is in any
way mediated by lowering UA concentrations.

10. The Nephroprotective Effect

The question whether HU treatment confers a nephropro-
tective effects remains open. Randomized controlled tri-
als and meta-analysis of thereof bring conflicting results
(Table 1). A meta-analysis published in 2020 did not show
benefits on the incidence of kidney failure but did report a
0.68 mL/min/1.73 m?/year difference in eGFR slope for tri-
als with a follow-up of at least 2 years (Chen et al. 2020).
However, as mentioned by Gonzalez-Martin et al. (2020),
included studies were not limited to patients with CKD,
and no comparison with age-associated loss of eGFR

was available. He also noticed that the futility analysis in a
large trial considered a clinically meaningful difference to
be 0.6 mL/min/1.73 m?/year, which would make the result
marginally higher. Other comparative studies also fail to
notice a significant improvement in kidney function (Liang
et al. 2022; Wu et al. 2022). On the contrary, in a recent
meta-analysis by Luo et al. (2024) comprising 17 stud-
ies published between 2006 and 2023, it was concluded
that between ULT group and placebo/no treatment, in
both long-term (>6 months) and short-term (3—6 months)
groups, ULT conferred a nephroprotective effect. In the
long-term group, patients receiving ULT had a 2.07 mL/
min/1.73m? lesser decline in eGFR compared to those
receiving a placebo or no treatment (Luo et al. 2024).

Such differences may be explained by several factors. First,
in their attempt to increase the power of a study and include
as many papers as possible, the participant heterogeneity is
significant: meta-analyses include studies combining patients
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with aHU and gout or with CKD vs. normal renal function and
various sUA levels. Most studies do not include genomic
data, so no differentiation between those groups with high-
risk alleles and those without is possible. Second, the fol-
low-up time is usually no longer than 2-3 years. As noted
by Gonzalez-Martin et al. (2020), the difference in eGFR
between the urate-lowering and control groups decreases
over time in other studies. Patients treated with ULT often
stay on it for at least 10 years, which needs to be weighed
against potential side effects and interactions (for example,
with amoxycillin, vitamin K antagonists, cyclosporin, and
ACE-I). During yearlong use, such interactions are frequently
overlooked. Third, changes in creatinine and eGFR might not
be sufficient data to draw conclusions on the nephroprotec-
tive effect. Just as major adverse cardiovascular events are
more important than pro-B-natriuretic peptide levels in car-
diology, strong end points such as end-stage kidney failure,
dialysis, and mortality should be the focus of future studies.
Summing up, the nephroprotective effect of ULT is probably
mild and needs to be balanced against safety concerns
regarding various drug types.

11. Conclusions

Despite the abundance of research papers on the subject, the
views on aHU vary and it seems like every team approaches
the issue using different statistical methods. With thousands
of published studies and no clear conclusion, we need to ask
ourselves: do we need more data? or do we just need better
data? Currently, there is no evidence that aHU leads to CKD;
rather these two are frequently met comorbidities. With safety
concerns regarding UA lowering agents in causing AKI with
no clear benefits on eGFR in the long perspective, further
use might result in more cons than pros. In our opinion, future

References

Ayoub |, Almaani S, Brodsky S et al. (2016) Revisiting medullary
tophi: A link between uric acid and progressive chronic kidney
disease? Clin Nephrol 85:109-113. https://doi.org/10.5414/
CN108663

Baek CH, Kim H, Yang WS et al. (2018) Efficacy and safety of febux-
ostat in kidney transplant patients. Exp Clin Transplant 16:401—
406. https://doi.org/10.6002/ECT.2016.0367

Bardin T, Nguyen QD, Tran KM et al. (2021) A cross-sectional study
of 502 patients found a diffuse hyperechoic kidney medulla pat-
tern in patients with severe gout. Kidney Int 99:218-226. https://
doi.org/10.1016/J.KINT.2020.08.024

Chen CJ, Tseng CC, Yen JH et al. (2018) ABCG2 contributes to
the development of gout and hyperuricemia in a genome-wide
association study. Sci Rep 8:3137. https://doi.org/10.1038/
s41598-018-21425-7

studies on the topic should not only include sUA level but also
consider renal parameters such as FEUAand measured GFR.
Genomic analysis should become standard in HU research;
it would be also of value to design randomized controlled tri-
als, evaluating the impact of ULT in genetically defined sub-
groups, both in patients with CKD and without. Additionally,
including -omic technologies in stratifying patients based on
their risk of progression could be a step forward in imple-
menting personalized medicine in ULT. As mentioned earlier,
significant differences exist between patients with aHU and
gout in context of metabolomics; exploring those differences
could help identifying new therapeutic targets and response
to treatment. Instead of classical statistics and metanalysis,
we could try to employ machine learning in data analysis.
The goal is to define certain groups of patients who will ben-
efit from urate-lowering therapy, not only by decreasing the
downward slope of eGFR but also in strong end points such
as reduced mortality and dialysis incidence.

Declarations

Funding

This article was funded from personal resources.
Authors Contributions

B.M. drafted the manuscript; K.M. and K.Z. indicated the
topic, edited and corrected the manuscript, and provided
substantive support.

Competing Interests

None declared.

Chen MY, Wang AP, Wang JW et al. (2019) Coexistence of hyper-
uricaemia and low urinary uric acid excretion further increases
risk of chronic kidney disease in type 2 diabetes. Diabetes Metab
45:557-563. https://doi.org/10.1016/J.DIABET.2019.03.001

Chen Q, Wang Z, Zhou J et al. (2020) Effect of urate-lowering therapy
on cardiovascular and kidney outcomes: A systematic review and
meta-analysis. Clin J Am Soc Nephrol 15:1576-1586. https://doi.
org/10.2215/CJIN.05190420

Chen-Xu M, Yokose C, Rai SK et al. (2019) Contemporary
prevalence of gout and hyperuricemia in the United States and
Decadal Trends: The National Health and Nutrition Examination
Survey, 2007-2016. Arthritis Rheumatol 71:991-999. https://doi.
org/10.1002/art.40807

Chewcharat A, Chen Y, Thongprayoon C et al. (2021) Febuxostat
as a renoprotective agent for treatment of hyperuricaemia: A



meta-analysis of randomised controlled trials. Intern Med J 51:752—
762. https://doi.org/10.1111/IMJ. 14814

Choi HK, Soriano LC, Zhang Y et al. (2012) Antihypertensive drugs
and risk of incident gout among patients with hypertension:
Population based case-control study. BMJ 344:d8190. https://
doi.org/10.1136/bm;j.d8190

Choi ST, Song JS, Kim SJ et al. (2020) The utility of the random
urine uric acid-to-creatinine ratio for patients with gout who need
uricosuric agents: Retrospective cross-sectional study. J Korean
Med Sci 35:€95. https://doi.org/10.3346/jkms.2020.35.E95

Choi WJ, Hong YA, Min JW et al. (2021) The serum uric acid level
is related to the more severe renal histopathology of female
IgA nephropathy patients. J Clin Med 10:1885. https://doi.
0rg/10.3390/JCM10091885

Curhan CG (2021) Kidney stones in adults: Uric acid nephro-
lithiasis. UpToDate. https://www.uptodate.com/contents/
kidney-stones-in-adults-diagnosis-and-acute-management-of-
suspected-nephrolithiasis?search=kidney%20stones%20in%20
adults&source=search_result&selectedTitle=1~150&usage_
type=default&display_rank=1. Accessed 20 June 2023.

Dalbeth N, Choi HK, Joosten LAB et al. (2019) Gout. Nat Rev Dis
Primers 5:69. https://doi.org/10.1038/s41572-019-0115-y

Dalbeth N, Haskard DO (2005) Mechanisms of inflammation in
gout. Rheumatology 44:1090-1096. https://doi.org/10.1093/
RHEUMATOLOGY/KEH640

Dalbeth N, House ME, Aati O et al. (2015) Urate crystal deposi-
tion in asymptomatic hyperuricaemia and symptomatic gout:
Adual energy CT study. Ann Rheum Dis 74:908-911. https://doi.
org/10.1136/ANNRHEUMDIS-2014-206397

Ding L, Li H, Sun B et al. (2021) Elevated interleukin-37 associ-
ated with tophus and pro-inflammatory mediators in Chinese
gout patients. Cytokine 141:155468. https://doi.org/10.1016/J.
CYTO.2021.155468

Doria A, Galecki AT, Spino C et al. (2020) Serum urate lowering with
allopurinol and kidney function in Type 1 diabetes. N Engl J Med
382:2493-25083. https://doi.org/10.1056/NEJMOA1916624

Fan S, Zhang P, Wang AY et al. (2019) Hyperuricemia and its related
histopathological features on renal biopsy. BMC Nephrol 20:95.
https://doi.org/10.1186/S12882-019-1275-4

Garcia-Arroyo FE, Gonzaga G, Mufoz-Jiménez | et al. (2018)
Probiotic supplements prevented oxonic acid-induced hyper-
uricemia and renal damage. PLoS One 13:0202901. https://doi.
org/10.1371/JOURNAL.PONE.0202901

Gnemmi V, Li Q, Ma Q et al. (2022) Asymptomatic hyperuricemia
promotes recovery from ischemic organ injury by modulat-
ing the phenotype of macrophages. Cells 11:626. https://doi.
org/10.3390/CELLS11040626

Gonzalez-Martin G, Cano J, Carriazo S et al. (2020) The dirty little
secret of urate-lowering therapy: Useless to stop chronic kidney
disease progression and may increase mortality. Clini Kidney J
13:936-947. https://doi.org/10.1093/ckj/sfaa236

10

Archivum Immunologiae et Therapiae Experimentalis
72, 24 (2024), DOI: 10.2478/aite-2024-0024

Guan H, Zheng Y, Zhou X et al. (2020) Efficacy of different urinary
uric acid indicators in patients with chronic kidney disease. BMC
Nephrol 21:290. https://doi.org/10.1186/S12882-020-01953-Z

Hare JM, Johnson RJ (2003) Uric acid predicts clinical outcomes
in heart failure: Insights regarding the role of xanthine oxidase
and uric acid in disease pathophysiology. Circulation 107:
1951-1953. https://doi.org/10.1161/01.CIR.0000066420.36123.35

Howard RG, Pillinger MH, Gyftopoulos S et al. (2011) Reproducibility
of musculoskeletal ultrasound for determining monosodium
urate deposition: Concordance between readers. Arthritis Care
Res 63:1456—1462. https://doi.org/10.1002/acr.20527

Hsu YSO, Wu IW, Chang SH et al. (2020) Comparative renoprotective
effect of febuxostat and allopurinol in predialysis stage 5 chronic
kidney disease patients: A nationwide database analysis. Clin
Pharmacol Ther 107:1159—-1169. https://doi.org/10.1002/CPT.1697

Hu Y, Shi Y, Chen H et al. (2022) Blockade of autophagy prevents
the progression of hyperuricemic nephropathy through inhibit-
ing NLRP3 inflammasome-mediated pyroptosis. Front Immunol
13:858494. https://doi.org/10.3389/FIMMU.2022.858494

Huls M, Brown CD, Windass AS et al. (2008) The breast cancer resis-
tance protein transporter ABCG2 is expressed in the human kidney
proximal tubule apical membrane. Kidney Int 73:220-225. https://
doi.org/10.1038/SJ.K1.5002645

Ichida K, Matsuo H, Takada T et al. (2012) Decreased extra-renal
urate excretion is a common cause of hyperuricemia. Nat
Commun 3:764. https://doi.org/10.1038/ncomms 1756

Jing J, Ekici AB, Sitter T et al. (2018) Genetics of serum urate concen-
trations and gout in a high-risk population, patients with chronic
kidney disease. Sci Rep 8:13184. https://doi.org/10.1038/
S41598-018-31282-Z

Johnson RJ, Bakris GL, Borghi C et al. (2018) Hyperuricemia,
acute and chronic kidney disease, hypertension, and cardio-
vascular disease: Report of a scientific workshop organized by
the National Kidney Foundation. Am J Kidney Dis 71:851-865.
https://doi.org/10.1053/J.AJKD.2017.12.009

Kang DH, Nakagawa T, Feng L et al. (2002) A role for uric acid in the
progression of renal disease. J Am Soc Nephrol 13:2888—-2897.
https://doi.org/10.1097/01.ASN.0000034910.58454.FD

Kataoka H, Mochizuki T, Ohara M et al. (2022) Urate-lowering
therapy for CKD patients with asymptomatic hyperuricemia
without proteinuria elucidated by attribute-based research in
the FEATHER Study. Sci Rep 12:3784. https://doi.org/10.1038/
S41598-022-07737-9

Kawamura Y, Nakaoka H, Nakayama A et al. (2019) Genome-wide
association study which aggravate
asymptomatic hyperuricaemiainto gout. Ann Rheum Dis 78:1430—
1437. https://doi.org/10.1136/annrheumdis-2019-215521

Kim SH, Lee SY, Kim JM et al. (2020) Renal safety and urate-
lowering efficacy of febuxostat in gout patients with stage 4-5
chronic kidney disease not yet on dialysis. Korean J Intern Med
35:998-1003. https://doi.org/10.3904/KJIM.2018.423

revealed novel loci



Archivum Immunologiae et Therapiae Experimentalis
72, 24 (2024), DOI: 10.2478/aite-2024-0024

Konta T, Ichikawa K, Kawasaki R et al. (2020) Association between
serum uric acid levels and mortality: A nationwide community-
based cohort study. Sci Rep 10:6066. https://doi.org/10.1038/
S41598-020-63134-0

Koéttgen A, Hwang SJ, Larson MG et al. (2010) Uromodulin levels
associate with a common UMOD variant and risk for incident
CKD. J Am Soc Nephrol 21:337-344. https://doi.org/10.1681/
ASN.2009070725

Li F, Guo H, Zou J et al. (2021) Clinical classification of hyperuri-
cemia in patients with chronic kidney disease. Int Urol Nephrol
53:1665-1674. https://doi.org/10.1007/S11255-020-02754-X

Liang X, Liu X, Li D et al. (2022) Effectiveness of urate-lowering
therapy for renal function in patients with chronic kidney disease:
A meta-analysis of randomized clinical trials. Front Pharmacol
13:798150. https://doi.org/10.3389/fphar.2022.798150

Lin TC, Hung LY, Chen YC et al. (2019) Effects of febuxostat on renal

function in patients with chronic kidney disease: A systematic

review and meta-analysis. Medicine 98:16311. https://doi.
org/10.1097/MD.0000000000016311

B, Zhao L, Yang Q et al. (2021b) Hyperuricemia and hyper-

triglyceridemia indicate tubular atrophy/interstitial fibrosis in

patients with IgA nephropathy and membranous nephropa-
thy. Int Urol Nephrol 53:2321-2332. https://doi.org/10.1007/
$11255-021-02844-4

Liu L, Xue Y, Zhu Y et al. (2016) Interleukin 37 limits monosodium
urate crystal-induced innate immune responses in human and
murine models of gout. Arthritis Res Ther 18:268. https://doi.
org/10.1186/S13075-016-1167-Y

Liu N, Wang L, Yang T et al. (2015) EGF receptor inhibition alleviates
hyperuricemic nephropathy. J Am Soc Nephrol 26:2716-2729.
https://doi.org/10.1681/ASN.2014080793

Liu S, Liu Y, Wu X et al. (2023) Metabolomic analysis for asymp-
tomatic hyperuricemia and gout based on a combination of
dried blood spot sampling and mass spectrometry technol-
ogy. J Orthop Surg Res 18:769. https://doi.org/10.1186/
S13018-023-04240-3

Liu X, Qiu Y, Li D et al. (2021a) Effectiveness of drug treatments for
lowering uric acid on renal function in patients with chronic kid-
ney disease and hyperuricemia: A network meta-analysis of ran-
domized controlled trials. Front Pharmacol 12:690557. https://
doi.org/10.3389/fphar.2021.690557

Liu X, Zhai T, Ma R et al. (2018b) Effects of uric acid-lowering ther-
apy on the progression of chronic kidney disease: A systematic
review and meta-analysis. Ren Fail 40:289-297. https://doi.org/
10.1080/0886022X.2018.1456463

Liu Y, Goldfarb DS, El-Achkar TM et al. (2018a) Tamm—Horsfall
protein/uromodulin  deficiency elicits tubular compensa-
tory responses leading to hypertension and hyperuricemia.
Am J Physiol Renal Physiol 314:F1062—-F1076. https://doi.
org/10.1152/ajprenal.00233.2017

Lu J, Dalbeth N, Yin H et al. (2019) Mouse models for human hyper-
uricaemia: A critical review. Nat Rev Rheumatol 15:413-426.
https://doi.org/10.1038/S41584-019-0222-X

Liu

Luo Q, Cai Y, Zhao Q et al. (2022) Effects of allopurinol on renal
function in patients with diabetes: A systematic review and meta-
analysis. Ren Fail 44:806-814. https://doi.org/10.1080/08860
22X.2022.2068443

LuoY, Song Q, Li J et al. (2024) Effects of uric acid-lowering therapy
(ULT) on renal outcomes in CKD patients with asymptomatic
hyperuricemia: A systematic review and meta-analysis. BMC
Nephrol 25:63. https://doi.org/10.1186/S12882-024-03491-4

Major TJ, Topless RK, Dalbeth N et al. (2018) Evaluation of the
diet wide contribution to serum urate levels: Meta-analysis
of population based cohorts. BMJ 363:k3951. https://doi.
org/10.1136/BMJ.K3951

Maloberti A, Mengozzi A, Russo E et al. (2023) The results of the
URRAH (Uric Acid Right for heart Health) project: A focus
on hyperuricemia in relation to cardiovascular and kidney
disease and its role in metabolic dysregulation. High Blood
Press Cardiovasc Prev 30:411-425. https://doi.org/10.1007/
S40292-023-00602-4

Matsuo H, Tsunoda T, Ooyama K et al. (2016a) Hyperuricemia in
acute gastroenteritis is caused by decreased urate excretion via
ABCG2. Sci Rep 6:31003. https://doi.org/10.1038/srep31003

Matsuo H, Yamamoto K, Nakaoka H etal. (2016b) Genome-wide asso-
ciation study of clinically defined gout identifies multiple risk loci
and its association with clinical subtypes. Ann Rheum Dis 75:652—
659. https://doi.org/10.1136/ANNRHEUMDIS-2014-206191

Merriman T (2024) Pathophysiology of gout. UpToDate. https://www.
uptodate.com/contents/pathophysiology-of-gout#H244423514.
Accessed 20 June 2023.

Moe OW (2010) Posing the question again: Does chronic uric acid
nephropathy exist? J Am Soc Nephrol 21:395-397. https://doi.
org/10.1681/ASN.2008101115

Mount BD (2023) Asymptomatic hyperuricemia. UpToDate.
https://www.uptodate.com/contents/asymptom-
atic-hyperuricemia?search=asymptomatic%20
hyperuricemia&source=search_result&selectedTitle=1%7E18
&usage_type=default&display_rank=1#H817689. Accessed 20
June 2023.

NakayamaA, Nakatochi M, KawamuraY etal. (2020) Subtype-specific
gout susceptibility loci and enrichment of selection pressure on
ABCG2 and ALDH2 identified by subtype genome-wide meta-
analyses of clinically defined gout patients. Ann Rheumatic Dis
79:657-665. https://doi.org/10.1136/annrheumdis-2019-216644

Narang RK, Vincent Z, Phipps-Green A et al. (2019) Population-
specific factors associated with fractional excretion of uric
acid. Arthritis Res Ther 21:234. https://doi.org/10.1186/
S13075-019-2016-6

Natsuko PD, Laura SC, Denise CC et al. (2022) Differential gene
expression of ABCG2, SLC22A12, IL-1B, and ALPK1 in periph-
eral blood leukocytes of primary gout patients with hyperurice-
mia and their comorbidities: A case-control study. Eur J Med Res
27:62. https://doi.org/10.1186/S40001-022-00684-1

Pak J, Pu Y, Zhang ZT et al. (2001) Tamm-Horsfall protein binds
to type 1 fimbriated Escherichia coli and prevents E. coli from

1"



binding to uroplakin la and Ib receptors. J Biol Chem 276:
9924-9930. https://doi.org/10.1074/JBC.M008610200

Pawar A, Desai RJ, Liu J et al. (2021) Updated assessment of car-
diovascular risk in older patients with gout initiating febuxostat
versus allopurinol. J Am Heart Assoc 10:€020045. https://doi.
org/10.1161/JAHA.120.020045

Peng YL, Tain YL, Lee CT et al. (2020) Comparison of uric acid
reduction and renal outcomes of febuxostat vs allopurinol in
patients with chronic kidney disease. Sci Rep 10:10734. https://
doi.org/10.1038/S41598-020-67026-1

Perez-Ruiz F, Calabozo M, Erauskin GG et al. (2002) Renal under-
excretion of uric acid is present in patients with apparent high
urinary uric acid output. Arthritis Rheum 47:610-613. https://doi.
org/10.1002/ART.10792

Perrenoud L, Kruse NT, Andrews E et al. (2020) Uric acid lowering
and biomarkers of kidney damage in CKD Stage 3: A post hoc
analysis of a randomized clinical trial. Kidney Med 2:155-161.
https://doi.org/10.1016/J.XKME.2019.11.007

Piani F, Johnson RJ (2021) Does gouty nephropathy exist, and is it
more common than we think? Kidney Int 99:31-33. https://doi.
org/10.1016/J.KINT.2020.10.015

Pineda C, Amezcua-Guerra LM, Solano C et al. (2011) Joint and
tendon subclinical involvement suggestive of gouty arthritis in
asymptomatic hyperuricemia: An ultrasound controlled study.
Arthritis Res Ther 13:R4. https://doi.org/10.1186/AR3223

Pisaniello HL, Fisher MC, Farquhar H et al. (2021) Efficacy and
safety of gout flare prophylaxis and therapy use in people with
chronic kidney disease: A Gout, Hyperuricemia and Crystal-
Associated Disease Network (G-CAN)-initiated literature
review. Arthritis Res Ther 23:130. https://doi.org/10.1186/
S13075-021-02416-Y

Ponticelli C, Podesta MA, Moroni G (2020) Hyperuricemia as a trig-
ger of immune response in hypertension and chronic kidney
disease. Kidney Int 98:1149-1159. https://doi.org/10.1016/J.
KINT.2020.05.056

Russo E, Drovandi S, Salvidio G et al. (2020) Increased serum
uric acid levels are associated to renal arteriolopathy and
predict poor outcome in IgA nephropathy. Nutr Metab
Cardiovasc Dis 30:2343-2350. https://doi.org/10.1016/J.
NUMECD.2020.07.038

Sakiyama M, Matsuo H, Shimizu S et al. (2016) The effects of
URAT1/SLC22A12 nonfunctional variants, R90H and W258X,
on serum uric acid levels and gout/hyperuricemia progression.
Sci Rep 6:20148. https://doi.org/10.1038/srep20148

Sanchez-Briales P, Marques Vidas M, Lopez-Sanchez P et al. (2024)
The uricosuric effect of SGLT2 inhibitors is maintained in the
long term in patients with chronic kidney disease and Type 2
diabetes mellitus. J Clin Med 13:1360. https://doi.org/10.3390/
JCM13051360

Sapankaew T, Thadanipon K, Ruenroengbun N et al. (2022) Efficacy
and safety of urate-lowering agents in asymptomatic hyper-
uricemia: Systematic review and network meta-analysis of

12

Archivum Immunologiae et Therapiae Experimentalis
72, 24 (2024), DOI: 10.2478/aite-2024-0024

randomized controlled trials. BMC Nephrol 23:223. https://doi.
org/10.1186/S12882-022-02850-3

Sato Y, Feig DI, Stack AG et al. (2019) The case for uric acid-
lowering treatment in patients with hyperuricaemia and
CKD. Nat Rev Nephrol 15:767-775. https://doi.org/10.1038/
S41581-019-0174-2

Schauer C, Janko C, Munoz LE et al. (2014) Aggregated neutro-
phil extracellular traps limit inflammation by degrading cytokines
and chemokines. Nat Med 20:511-517. https://doi.org/10.1038/
nm.3547

Scherberich JE, Gruber R, Nockher WA et al. (2018) Serum uromod-
ulin-a marker of kidney function and renal parenchymal integrity.
Nephrol Dial Transplantat 33:284-295. https://doi.org/10.1093/
ndt/gfw422

Sellmayr M, Hernandez Petzsche MR, Ma Q et al. (2020) Only hyper-
uricemia with crystalluria, but not asymptomatic hyperuricemia,
drives progression of chronic kidney disease. J Am Soc Nephrol
31:2773-2792. https://doi.org/10.1681/ASN.2020040523

Sharma G, DubeyA, Nolkha N etal. (2021) Hyperuricemia, urate-lowering
therapy, and kidney outcomes: A systematic review and meta-
analysis. Ther Adv Musculoskeletal Dis 13:1759720X211016661.
https://doi.org/10.1177/1759720X211016661

Shen L, Dong H, Guo Z et al. (2021a) Identification of abnormal pro-
teins in plasma from gout patients by LC-MS/MS. Separations
8:85. https://doi.org/10.3390/separations8060085

Shen X, Wang C, Liang N et al. (2021b) Serum metabolomics identi-
fies dysregulated pathways and potential metabolic biomarkers
for hyperuricemia and gout. Arthritis Rheumatol 73:1738-1748.
https://doi.org/10.1002/art.41733

Stack AG, Dronamraju N, Parkinson J et al. (2021) Effect of inten-
sive urate lowering with combined verinurad and febuxostat
on albuminuria in patients with Type 2 diabetes: A randomized
trial. Am J Kidney Dis 77:481-489. https://doi.org/10.1053/J.
AJKD.2020.09.009

Thomas D, Gazouli M, Karantanos T et al. (2014) Association of
rs1568885, rs1813443 and rs4411591 polymorphisms with
anti-TNF medication response in Greek patients with Crohn’s
disease. World J Gastroenterol 20:3609-3614. https://doi.
org/10.3748/wjg.v20.i13.3609

Tien YY, Shih MC, Tien CP et al. (2022) To treat or not to treat?
Effect of urate-lowering therapy on renal function, blood
pressure and safety in patients with asymptomatic hyper-
uricemia: A systematic review and network meta-analysis.
J Am Board Fam Med 35:140-151. https://doi.org/10.3122/
jabfm.2022.01.210273

Tin A, Marten J, Halperin Kuhns VL et al. (2019) Target genes, vari-
ants, tissues and transcriptional pathways influencing human
serum urate levels. Nat Genet 51:1459-1474. https://doi.
org/10.1038/S41588-019-0504-X

Tsukamoto S, Okami N, Yamada T et al. (2022) Prevention of
kidney function decline using uric acid-lowering therapy in
chronic kidney disease patients: A systematic review and



Archivum Immunologiae et Therapiae Experimentalis
72, 24 (2024), DOI: 10.2478/aite-2024-0024

network meta-analysis. Clin Rheumatol 41:911-919. https://doi.
org/10.1007/S10067-021-05956-5

Ulutas F, Bozdemir A, Celikyurek NA et al. (2021) Cut-off value of
serum uric acid for development of gout disease in patients
with multiple co-morbidities. Mediterr J Rheumatol 32:243-248.
https://doi.org/10.31138/m;jr.32.3.243

Wen CC, Yee SW, Liang X et al. (2015) Genome-wide association
study identifies ABCG2 (BCRP) as an allopurinol transporter and
a determinant of drug response. Clin Pharmacol Ther 97:518—
525. https://doi.org/10.1002/CPT.89

White WB, Saag KG, Becker MA et al. (2018) Cardiovascular safety
of febuxostat or allopurinol in patients with gout. N Engl J Med
378:1200-1210. https://doi.org/10.1056/NEJMoa1710895

Wu B, Chen L, Xu Y et al. (2022) The effect of allopurinol on renal

outcomes in patients with diabetic kidney disease: A systematic

review and meta-analysis. Kidney Blood Press Res 47:291-299.

https://doi.org/10.1159/000522248

CH, Yang CC, Chang HW et al. (2019) Urinary uromodulin/

creatinine ratio as a potential clinical biomarker for chronic kid-

ney disease patients with gout: A pilot study. Med Princ Pract

28:273-279. https://doi.org/10.1159/000496844

Wu N, Xia J, Chen S et al. (2021) Serum uric acid and risk of incident
chronic kidney disease: A national cohort study and updated
meta-analysis. Nutr Metab 18:94. https://doi.org/10.1186/
S12986-021-00618-4

Wu TH, Li KJ, Yu CL et al. (2018) Tamm-Horsfall protein is a potent
immunomodulatory molecule and a disease biomarker in the
urinary system. Molecules 23:200. https://doi.org/10.3390/
molecules23010200

Xiao Y, Zhang C, Zeng X et al. (2020) Microecological treatment of
hyperuricemia using Lactobacillus from pickles. BMC Microbiol
20:195. https://doi.org/10.1186/S12866-020-01874-9

Yang AY (2020) Comparison of long-term efficacy and renal safety
of febuxostat and allopurinol in patients with chronic kidney
diseases. Int J Clin Pharmacol Ther 58:21-28. https://doi.
org/10.5414/CP203466

Wu

Yang XH, Zhang BL, Cheng Y et al. (2024) Febuxostat provides
renoprotection in patients with hyperuricemia or gout: A system-
atic review and meta-analysis of randomized controlled trials.
Ann Med 56:2332956. https://doi.org/10.1080/07853890.2024.
2332956

Yip ASY, Leong S, Teo YH et al. (2022) Effect of sodium-glucose
cotransporter-2 (SGLT2) inhibitors on serum urate
in patients with and without diabetes: A systematic review
and meta-regression of 43 randomized controlled trials.
Ther Adv Chronic Dis 13:20406223221083509. https://doi.
org/10.1177/20406223221083509

Yu X, Gu M, Zhu Y et al. (2022) Efficacy of urate-lowering therapy
in patients with chronic kidney disease: A network meta-analysis
of randomized controlled trials. Clin Ther 44:723-735.e6. https://
doi.org/10.1016/j.clinthera.2022.03.014

Zeng XX, Tang Y, Hu K et al. (2018) Efficacy of febuxostat in hyper-
uricemic patients with mild-to-moderate chronic kidney disease:
A meta-analysis of randomized clinical trials: A PRISMA-
compliant article. Medicine (Baltimore) 97:€0161. https://doi.
org/10.1097/MD.0000000000010161

Zhang L, An K, Mou X et al. (2022) Effect of urate-lowering ther-
apy on the progression of kidney function in patients with
asymptomatic hyperuricemia: A systematic review and meta-
analysis. Front Pharmacol 12:795082. https://doi.org/10.3389/
FPHAR.2021.795082/FULL

Zheng Q, Keliang W, Hongtao Q et al. (2022) Genetic association
between SLC22A12 variants and susceptibility to hyperuricemia:
A meta-analysis. Genetic Test Mol Biomarkers 26:81-95. https://
doi.org/10.1089/GTMB.2021.0175

Zhu B, Yu DR, Lv JC et al. (2018) Uric acid as a predictor of immuno-
globulin Anephropathy progression: A cohort study of 1965 cases.
Am J Nephrol 48:127-136. https://doi.org/10.1159/000489962

Zhu F, Feng D, Zhang T et al. (2019) Altered uric acid metabolism
in isolated colonic Crohn’s disease but not ulcerative colitis.
J Gastroenterol Hepatol 34:154-161. https://doi.org/10.1111/
jgh.14356

levels

13



	REF_1
	Ref_Alpha1
	REF_2
	Ref_Alpha2
	REF_3
	Ref_Alpha3
	REF_4
	Ref_Alpha4
	REF_5
	Ref_Alpha5
	REF_6
	Ref_Alpha6
	REF_7
	Ref_Alpha7
	REF_8
	Ref_Alpha8
	REF_9
	Ref_Alpha9
	REF_10
	Ref_Alpha10
	REF_11
	Ref_Alpha11
	LE_Ignored_1
	REF_13
	Ref_Alpha13
	REF_14
	Ref_Alpha14
	REF_15
	Ref_Alpha15
	REF_16
	Ref_Alpha16
	REF_17
	Ref_Alpha17
	REF_18
	Ref_Alpha18
	REF_19
	Ref_Alpha19
	REF_20
	Ref_Alpha20
	REF_21
	Ref_Alpha21
	REF_22
	Ref_Alpha22
	REF_23
	Ref_Alpha23
	REF_24
	Ref_Alpha24
	REF_25
	Ref_Alpha25
	REF_26
	Ref_Alpha26
	REF_27
	Ref_Alpha27
	REF_28
	Ref_Alpha28
	REF_29
	Ref_Alpha29
	REF_30
	Ref_Alpha30
	REF_31
	Ref_Alpha31
	REF_32
	Ref_Alpha32
	REF_33
	Ref_Alpha33
	REF_34
	Ref_Alpha34
	REF_35
	Ref_Alpha35
	REF_36
	Ref_Alpha36
	REF_37
	Ref_Alpha37
	REF_38
	Ref_Alpha38
	REF_39
	Ref_Alpha39
	REF_40
	Ref_Alpha40
	REF_41
	Ref_Alpha41
	REF_42
	Ref_Alpha42
	REF_43
	Ref_Alpha43
	REF_44
	Ref_Alpha44
	REF_45
	Ref_Alpha45
	REF_46
	Ref_Alpha46
	REF_47
	Ref_Alpha47
	REF_48
	Ref_Alpha48
	REF_49
	Ref_Alpha49
	REF_50
	Ref_Alpha50
	REF_51
	Ref_Alpha51
	REF_52
	Ref_Alpha52
	REF_53
	Ref_Alpha53
	LE_Ignored_2
	REF_55
	Ref_Alpha55
	LE_Ignored_3
	REF_57
	Ref_Alpha57
	REF_58
	Ref_Alpha58
	REF_59
	Ref_Alpha59
	REF_60
	Ref_Alpha60
	REF_61
	Ref_Alpha61
	REF_62
	Ref_Alpha62
	REF_63
	Ref_Alpha63
	REF_64
	Ref_Alpha64
	REF_65
	Ref_Alpha65
	REF_66
	Ref_Alpha66
	REF_67
	Ref_Alpha67
	REF_68
	Ref_Alpha68
	REF_69
	Ref_Alpha69
	REF_70
	Ref_Alpha70
	REF_71
	Ref_Alpha71
	REF_72
	Ref_Alpha72
	REF_73
	Ref_Alpha73
	REF_74
	Ref_Alpha74
	REF_75
	Ref_Alpha75
	REF_76
	Ref_Alpha76
	REF_77
	Ref_Alpha77
	REF_78
	Ref_Alpha78
	REF_79
	Ref_Alpha79
	REF_80
	Ref_Alpha80
	REF_81
	Ref_Alpha81
	REF_82
	Ref_Alpha82
	REF_83
	Ref_Alpha83
	REF_84
	Ref_Alpha84
	REF_85
	Ref_Alpha85
	REF_86
	Ref_Alpha86
	REF_87
	Ref_Alpha87
	REF_88
	Ref_Alpha88
	REF_89
	Ref_Alpha89
	REF_90
	Ref_Alpha90
	REF_91
	Ref_Alpha91
	REF_92
	Ref_Alpha92
	REF_93
	Ref_Alpha93
	REF_94
	Ref_Alpha94
	REF_95
	Ref_Alpha95
	REF_96
	Ref_Alpha96
	REF_97
	Ref_Alpha97
	REF_98
	Ref_Alpha98
	REF_99
	Ref_Alpha99
	REF_100
	Ref_Alpha100
	REF_101
	Ref_Alpha101

