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ARTICLE INFO ABSTRACT

Keywords: Hyperuricemia and diabetes mellitus (DM) are prevalent metabolic disorders with high comorbidity, imposing a
Hyperuricemia substantial global public health burden. Their coexistence is not merely additive but synergistic, exacerbating
Diabetes

metabolic dysregulation through mechanisms such as insulin resistance and fp-cell apoptosis, ultimately estab-
lishing a vicious cycle. Both disorders induce acute and chronic damage to vital organs, particularly the car-
diovascular, renal systems. Hyperuricemia aggravates diabetic complications, notably diabetic cardiomyopathy,
nephropathy and retinopathy via oxidative stress, inflammation, and metabolic dysregulation. Current urate-
lowering therapies (ULTs), such as xanthine oxidase inhibitors and urate transporter 1 (URAT1, also known as
SLC22A12) antagonists, demonstrate potential benefits in ameliorating diabetic complications but face chal-
lenges including safety concerns and dose adjustments. Similarly, several glucose-lowering drugs also exhibit the
benefits of improving hyperuricemia. This review summarizes the metabolic crosstalk and therapeutic interplay
between hyperuricemia and DM, examines the pathogenic role of uric acid in diabetic complications, and dis-
cusses the benefits and challenges of existing ULTs and glucose-lowering drugs in disrupting this cycle of
metabolic dysregulation and concurrent organ damage. We hope our findings deepen the comprehension of the
intricate metabolic crosstalk between glucose and urate homeostasis, providing novel therapeutic insights for
patients with comorbid DM and hyperuricemia.

Metabolic crosstalk
Diabetic complications
Urate-lowering therapy

1. Introduction

The comorbidity of hyperuricemia and diabetes mellitus (DM) has
emerged as a critical public health concern [1]. Epidemiological studies
reveal that around 22 %-36 % of diabetic patients exhibit elevated serum
uric acid (SUA) levels, with hyperuricemia prevalence increasing in
parallel with DM severity [2-5]. Notably, hyperuricemia independently
increases DM risk [6], and correlates with both microvascular (e.g.,

cardiomyopathy [7], nephropathy [8,9], retinopathy [10-13]) and
macrovascular complications (e.g., atherosclerosis [14]) in diabetic
populations. Emerging evidence suggests this relationship extends
beyond simple comorbidity of metabolic disorders, but rather involves
reciprocal metabolic interactions [15,16]. Deciphering this bidirectional
metabolic crosstalk is imperative to disrupt the self-perpetuating cycle
between hyperuricemia and DM, thereby alleviating their substantial
public health burden.
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The pathogenic role of UA in DM and its complications implicates
multiple signaling pathways, including the AMP-activated protein ki-
nase (AMPK) pathway [17], NOD-like receptor family pyrin domain-
containing protein 3 (NLRP3) inflammasome signaling pathway
[18,19], transforming growth factor beta (TGF-f)/Smad pathway [20],
Notch signaling pathway [21], and toll-like receptor 4 (TLR4) signaling
pathway [22], among others. Current urate-lowering therapy (ULT),
including xanthine oxidase (XOD) inhibitors and urate transporter 1
(URAT1) antagonists, demonstrate pleiotropic effects beyond SUA
reduction—such as improving insulin resistance (IR) and exerting renal
protection effects [23,24]. However, critical knowledge gaps persist
regarding their long-term efficacy in preventing diabetic complications,
particularly in populations with advanced nephropathy or cardiovas-
cular comorbidities.

This review first summarizes the bidirectional metabolic crosstalk
between hyperuricemia and DM, centered on IR and p-cell dysfunction
that drive their mutual exacerbation. It then highlights UA’s pivotal role
in mediating diabetic microvascular complications across multiple or-
gans. Finally, it discusses the therapeutic interplay: ULTs target diabetic
organ damage via reducing UA, while glucose-lowering drugs aid in
lowering UA levels, exploring their dual benefits, safety-related chal-
lenges and need for personalized strategies.

2. Metabolic pathways of UA

UA, the final product of purine nucleotide catabolism, is primarily
generated in the liver through the enzymatic degradation of hypoxan-
thine and xanthine via XOD [16]. Humans lack uricase, an enzyme that
converts UA into water-soluble allantoin, leading to UA accumulation as
the terminal metabolite [25]. UA levels are regulated by a balance be-
tween production (endogenous synthesis and dietary intake) and
excretion (renal and intestinal pathways) (Fig. 1).

Uric acid production
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Renal excretion
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2.1. Production pathway

UA production primarily originates from two distinct pathways:
endogenous purine metabolism and exogenous pathway. Purines from
DNA/RNA turnover are degraded into hypoxanthine, which is oxidized
by XOD to xanthine and subsequently to UA. Purine metabolism mainly
takes place in the liver and in tissues with widespread distribution of
XOD [26]. However, endogenous purine production varies considerably
among different populations. Healthy individuals exhibit 30-50 %
interindividual variation in XOD activity of liver, which directly impacts
UA production [27]. Meanwhile, cancer patients show 2-3 times higher
levels of purine metabolites compared to healthy individuals. For he-
matological malignancies such as non — Hodgkin’s lymphoma, acute
myeloid leukemia, acute lymphoblastic leukemia, and solid tumors such
as hepatocellular carcinoma, lung cancer, and melanoma, the occur-
rence of tumour lysis syndrome will lead to an increase in SUA due to
accelerated cellular proliferation/apoptosis [28]. SUA levels are also
closely related to dietary intake. High-purine foods (e.g., red meat,
seafood) and alcohol (especially beer) elevate UA production. Fructose
metabolism via the aldose reductase pathway depletes ATP, increasing
adenosine monophosphate (AMP) availability for purine catabolism
[16,25,29].

2.2. Excretion pathway

UA elimination in humans is predominantly mediated through two
physiological pathways: urinary system and digestive system. About 35
% of UA is secreted into the intestinal lumen via ABCG2, where gut
microbiota (e.g., Lactobacillus, Pseudomonas) metabolize UA into
allantoin. Dysbiosis may impair this process, exacerbating hyperurice-
mia [30,31]. Approximately 65 % of UA is excreted by the kidneys. After
glomerular filtration, UA undergoes reabsorption (90 %) and secretion
in proximal tubules. Key transporters include URAT1 and GLUT9 (aka
SLC2A9) which mediate UA reabsorption. ABCG2 (aka BCRP) and NPT4
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Fig. 1. The metabolic pathway of uric acid. Uric acid, the end product of purine metabolism via xanthine oxidase, accumulates in humans due to uricase defi-
ciency. Its homeostasis depends on production (endogenous synthesis/diet) and excretion (renal: URAT1/ABCG2 transporters; intestinal: microbial conversion).
ABCG2, ATP-binding cassette subfamily G member 2; GLUT9, glucose transporter 9; NPT1/4, sodium-dependent phosphate transport protein 1/4; OAT1, organic
anion transporter 1; OAT4, organic anion transporter 4; URATI, urate transporter 1.
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(aka SLC17A3) promote UA secretion into urine [32]. Renal function is
closely related to SUA levels. When estimated glomerular filtration rate
(eGFR) falls below 60 mL/min/1.73 mz, UA excretion is significantly
reduced, and the incidence of hyperuricemia in stage 3 chronic kidney
disease (CKD) patients can exceed 50 % [33].

3. Metabolic crosstalk between hyperuricemia and DM

A self-reinforcing “p-cell dysfunction loop” links the cycle of meta-
bolic disorders between hyperuricemia and DM: UA-induced IR and
lipotoxicity increase p-cell workload, while p-cell failure exacerbates
hyperglycemia and purine metabolism dysregulation, further elevating
UA levels. This vicious cycle underpins the clinical interplay between
hyperuricemia and DM progression, highlighting UA as both a contrib-
utor and consequence of metabolic deterioration. We describe the
complicated crosstalk between hyperuricemia and DM in this section
(Fig. 2).

3.1. Hyperuricemia to type 2 DM

Hyperuricemia exacerbates type 2 DM (T2DM) through multifaceted
pathways that impair insulin sensitivity and p-cell function. In insulin-
sensitive tissues (e.g., liver, myocardium, adipose, and skeletal mus-
cle), elevated UA directly disrupts insulin signaling, increase IR, thereby
suppressing glucose uptake.

The liver maintains blood glucose homeostasis through coordinated
regulation of glycogen synthesis, glycogenolysis, and gluconeogenesis,
ensuring concentrations remain within a narrow physiological range
[34]. The IR of liver cells caused by hyperuricemia plays an important
role in the development of T2DM. Hyperuricemia can lead to the acti-
vation of the NLRP3 and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) pathways, increase the level of oxidative stress,
reduce the phosphorylation of insulin receptor substrate 1 (IRS1)
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Ser307, enhance the phosphorylation of protein kinase B (AKT) Ser473,
and impair insulin signaling in liver [35-37].

Adipose tissue IR serves as a central pathological mechanism un-
derlying metabolic disorders, with hyperuricemia exhibiting a strong
pathophysiological association. Hyperuricemia can lead to the hyper-
trophy of adipocytes, inhibit the leptin-AMPK and IRS/phosphatidyli-
nositol 3-kinase (PI3K)/Akt signaling pathway, interfere with fatty acid
metabolism, impair the function of adipose tissue, and ultimately result
in IR [38,39]. In addition, the URAT1 inhibitor dotinurad can also
convert white adipose tissue into brown adipose tissue, which imply the
role of UA in adipose tissue conversion [37].

Hyperuricemia can also lead to IR in skeletal muscles and myocar-
dium. UA interferes with the translocation and expression of glucose
transporter type 4 (GLUT4) and affects glucose uptake in car-
diomyocytes by inhibiting the IRS/PI3K/Akt signaling pathway [17,40].
In skeletal muscle cells, UA can increase reactive oxygen species (ROS)
levels and affect glucose uptake, thereby interfering glucose uptake
[41].

Dysfunction of pancreatic p-cells is a central link in the pathogenesis
of T2DM, and hyperuricemia causes multifaceted damage to pancreatic
B-cells. Oxidative stress and inflammation induced by hyperuricemia is
generally regarded as an initiating factor. UA can disrupt the mito-
chondrial function of pancreatic p-cells, thereby affecting energy pro-
duction, metabolic activities and promoting the occurrence of early
autophagy [42], this finding has also been confirmed in another study
[43]. Hyperuricemia can also reduce insulin secretion through the IRS/
AKT and NF-kB/inducible nitric oxide synthase (iNOS)/muscu-
loaponeurotic fibrosarcoma oncogene homolog A (MafA) pathway
[42-44]. UA inhibits the growth of pancreatic p-cells by activating the
extracellular signal-regulated kinase (ERK) and AMPK pathways [45].
Besides the mechanisms mentioned above, hyperuricemia may block the
signaling coupling process between glucose metabolism and insulin
secretion by binding to key arginine residues, leading to a diminished
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Fig. 2. Hyperuricemia and diabetes mellitus share a bidirectional causal relationship. In muscle and myocardial cells, uric acid impairs GLUT4 translocation
through the IRS/PI3K/AKT signaling pathway. In adipocytes, uric acid induces insulin resistance through suppression of the leptin/AMPK signaling pathway,
interfering with cellular glucose utilization. In pancreatic f-cells, uric acid directly induces apoptosis, Suppresses cell proliferation via the AMPK/ERK pathway. These
combined effects lead to cellular insulin resistance and diabetes. Concurrently, diabetes enhances serum uric acid through three pathways: 1. Compensatory HI
reduces renal urate excretion. 2 Increased XOD activity. 3 Enhanced hepatic lipid and purine synthesis. NF-xB, nuclear factor kappa-light-chain-enhancer of activated
B cells; NLRP3, NOD-like receptor family pyrin domain containing 3; RBP4: Retinol-Binding Protein 4; PI3K, phosphatidylinositol 3-kinase; GLUT4, glucose
transporter type 4; ROS, Reactive Oxygen Species; IRS1, Insulin Receptor Substrate 1; AKT, Protein Kinase B; AMPK, AMP-activated Protein Kinase; ERK, Extra-

cellular Signal-Regulated Kinase; HI, Hyperinsulinemia; XOD, Xanthine Oxidase.
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response of insulin secretion to glucose stimulation [46].
3.2. T2DM to hyperuricemia

Individuals with T2DM or prediabetic conditions demonstrate
significantly elevated SUA levels relative to normoglycemic controls
[47]. IR and visceral obesity play a crucial role in this metabolic process.

Adipose tissue plays a critical role in UA metabolism, where
XOR—the enzyme responsible for the final step of UA production—is
highly expressed. In obesity, adipose tissues exhibit elevated XOR ac-
tivity, leading to increased UA secretion. This upregulation of XOR may
be driven by hypoxia and excessive lipid metabolism, which depletes
nicotinamide adenine dinucleotide phosphate (NADPH). IR serves as a
key mediator linking obesity to hyperuricemia. Notably, adipose IR
develops earlier than hepatic or systemic IR during obesity progression.
Visceral obesity, closely associated with adipose dysfunction, is a pri-
mary contributor to hyperuricemia through two interconnected mech-
anisms: 1) impaired renal excretion: compensatory hyperinsulinemia
induced by visceral fat IR reduces renal UA clearance; 2) enhanced he-
patic UA synthesis: visceral adipose tissue exhibits intensified lipolysis,
releasing free fatty acids (FFAs) into the liver. This stimulates de novo
lipogenesis, activates the pentose phosphate pathway, and promotes
purine synthesis, ultimately boosting hepatic UA production..

3.3. The metabolic Crosstaik between T1DM and hyperuricemia

The immune system and kidneys play pivotal roles in the metabolic
crosstalk between T1DM and hyperuricemia. Autoimmune-mediated
pancreatic p-cells destruction is recognized as the central mechanism
underlying TIDM [48,49]. Accumulating evidence indicates that hy-
peruricemia drives abnormal immune activation, characterized by
elevated peripheral CD4" T cells, macrophage polarization toward the
pro-inflammatory M1 phenotype, and enhanced differentiation of Thl
cells [50,51]. Conversely, TIDM exacerbates hyperuricemia through
renal dysfunction [52], inducing impairment of UA excretion.

4. UA in diabetic complications

Elevated SUA induces a spectrum of functional and structural
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alterations across multiple organ systems (Fig. 3). In this section, we will
comprehensively delineate the pathogenic mechanisms of UA in the
development of various diabetic microvascular complications, including
diabetic cardiomyopathy (DCM), diabetic nephropathy (DN) and dia-
betic retinopathy (DR).

4.1. Diabetic cardiomyopathy

DCM has emerged as a significant diabetic complication, contrib-
uting to the increased morbidity and mortality among diabetic patients.
DCM is characterized by myocardial structural and functional abnor-
malities, including cardiomyocyte hypertrophy, fibrosis, and diastolic
and systolic dysfunction, independent of coronary artery disease and
hypertension [53]. An accumulating body of research indicates a strong
association between hyperuricemia and DCM. Exploring this relation-
ship is essential for uncovering novel therapeutic targets and improving
the management of DCM.

4.1.1. Epidemiological association between hyperuricemia and DCM

Epidemiological studies have consistently demonstrated a significant
association between elevated SUA levels and an increased risk of DCM.
For example, a meta-analysis enrolling 7801 patients shows that among
diabetic patients, those with hyperuricemia had a significantly higher
incidence of DCM compared to those with normal UA levels [54].
Studies found that the risk of developing DCM increased in a dose-
dependent manner with increasing SUA levels [55-57]. This relation-
ship holds even after adjusting for traditional cardiovascular risk factors
such as hypertension, dyslipidemia, and obesity, suggesting that UA may
be an independent risk factor for DCM [58]. The co-occurrence of hy-
peruricemia and DCM is not only prevalent in clinical settings but also
has implications for disease prognosis. Patients with both conditions
tend to have more severe cardiac dysfunction and a higher risk of
adverse cardiovascular events, including heart failure hospitalization
and mortality [59].

4.1.2. Pathogenic mechanisms of UA in DCM

UA promotes DCM through interconnected mechanisms affecting
cardiomyocytes, cardiac fibroblasts, and endothelial cells, collectively
disrupting myocardial homeostasis. This integrated pathogenic network
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| 3. Myocardial cell apoptosis
4. Myocardial fibrosis
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1. Uric acid crystal deposition

2. Glomerular damage

3. Renal tubular interstitial fibrosis
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Fig. 3. Multi-organ changes under hyperuricemia. Hyperuricemia and diabetes mellitus are two commonly coexisting metabolic disorders that exhibit multi-
organ involvement. This diagram delineates the pathophysiological changes occurring in the pancreas, heart, kidneys, and retina in the context of hyperuricemia.
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begins with mitochondrial dysfunction in cardiomyocytes, where hy-
perglycemic conditions amplify UA-mediated ROS overproduction.
Elevated ROS damages mitochondrial membranes, inhibits electron
transport chain enzymes, and uncouples oxidative phosphorylation,
reducing adenosine triphosphate (ATP) generation and impairing
contractility [40,60,61]. Concurrently, UA disrupts fatty acid meta-
bolism, causing toxic lipid intermediate accumulation that exacerbates
energy deficits in diabetic hearts reliant on oxidative metabolism [61].

This mitochondrial stress directly drives IR by triggering Ser307
phosphorylation of IRS1, blocking the IRS/PI3K/Akt pathway and sup-
pressing glucose uptake [40]. Simultaneously, ROS-induced damage to
cellular components disrupts membrane integrity and enzyme function,
amplifying cellular stress [40,62]. These insults converge on cell death
programs: UA upregulates pro-apoptotic Bax while downregulating anti-
apoptotic B-cell lymphoma-2 (Bcl-2), activating caspase-3-mediated
apoptosis [19,63]. Mechanistically, calpain-1-induced endoplasmic re-
ticulum stress provides an additional apoptotic trigger [63]. UA also
induces dose-dependent cardiomyocyte hypertrophy and autophagy,
marked by autophagy related 5 Gene (Atg5) upregulation, microtubule-
associated protein 1 light chain 3 (LC3II/I) ratio increase, and seques-
tosome 1 (p62) reduction, reflecting a dysbalance between survival and
catabolic pathways that reduces functional myocyte mass [40].

Beyond cardiomyocyte injury, UA activates inflammatory cascades
via the TLR6/NF-kB/p65 pathway, stimulating NLRP3 inflammasome
maturation and promoting IL-1p/caspase-1-mediated pro-inflammatory
microenvironments. Inhibition of TLR6 or NLRP3 attenuates UA-
induced damage, underscoring inflammation as a critical mediator
[19]. These cellular stresses culminate in myocardial fibrosis, a DCM
hallmark, through fibroblast activation: UA drives fibroblast prolifera-
tion and myofibroblast differentiation via ERK pathway activation,
increasing DNA synthesis and a-smooth muscle actin (a-SMA) expres-
sion [64]. Concurrently, UA downregulates lumican to activate the TGF-
/SMAD pathway, enhancing extracellular matrix (ECM) deposition of
collagen I/III and fibronectin [20]. Elevated endothelin-1 further am-
plifies ECM synthesis, stiffening myocardium and impairing diastolic/
systolic function [20].

While direct studies on UA-induced endothelial dysfunction in DCM
are limited, shared pathways link hyperuricemia and DCM-related
endothelial injury. UA elevates ROS via xanthine oxidoreductase
(XOR) and disrupts the asymmetric dimethylarginine (ADMA)/ (dime-
thylarginine dimethylaminohydrolase) DDAH axis, reducing nitric oxide
bioavailability and promoting endothelial barrier dysfunc-
tion—mechanisms overlapping with DCM’s hyperglycemia/IR-induced
oxidative stress and NO deficiency [65-68]. Both conditions enhance
vascular permeability and accelerate advanced glycation end-product
(AGE) accumulation, leading to myocardial fibrosis and remodeling.
Hyperuricemia may thus exacerbate DCM by amplifying endothelial
redox imbalance and dysfunction, highlighting it as a potential thera-
peutic target in DCM pathogenesis.

4.2. Diabetic nephropathy

DN is a common and serious microvascular complication of DM,
which is closely related to end-stage renal disease and an increased risk
of cardiovascular disease in patients with DM [69,70]. Hyperuricemia
has emerged as a significant factor in the development and progression
of DN. Understanding the relationship between hyperuricemia, ULT,
and DN is crucial for improving the management and prognosis of dia-
betic patients.

4.2.1. Epidemiological association between hyperuricemia and DN

A lot of epidemiological studies have provided robust evidence of
this association [2,55,71-76]. In an Italian cohort study involving
20,142 patients with T2DM and normal renal function at baseline, SUA
levels were positively correlated with the risk of developing CKD, a key
manifestation of DN. Over a 4-year follow-up, the incidence of eGFR <
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60 ml/min per 1.73 m? increased in parallel with SUA quintiles.
Compared with the lowest SUA quintile, the relative risk ratios for the
development of low eGFR in the second, third, fourth, and fifth quintiles
were 1.46 (95 % confidence interval [CI], 1.14-1.88; P = 0.003), 1.44
(95 % CI, 1.11-1.87; P = 0.006), 1.95 (95 % CI, 1.48-2.58; P < 0.001),
and 2.61 (95 % CI, 1.98-3.42; P < 0.001), respectively [55]. A study on
422 T2DM patients with a median diabetes duration of 15 years also
demonstrated thatinitial hyperuricemia (SUA > 420 pmol/L for men
and > 360 pmol/L for women and/or allopurinol treatment) was an
independent risk factor for DN progression [77]. Time-to-event analysis
showed significant differences in DN progression, major adverse car-
diovascular events, and all- cause mortality between patients with and
without hyperuricemia. The subgroup with initial hyperuricemia had
faster DN progression and shorter survival [77].

Gender differences exist in the relationship between hyperuricemia
and DN. A study based on electronic health records of 20,207 elderly
T2DM patients in Shanghai found that hyperuricemia was indepen-
dently associated with an increased risk of reduced renal function and
albuminuria in both genders [78]. However, after adjusting for tradi-
tional DN risk factors, the association between hyperuricemia and
albuminuric DN was stronger in males (OR 1.67, 95 % CI: 1.48-1.88)
than in females (OR 1.23, 95 % CI: 1.12-1.35) [78]. Another study likely
reveals that men and postmenopausal women exhibit distinct correla-
tions between serum urate and diabetic complications. Hormonal vari-
ances post — menopause and other gender — specific factors may play
roles, which could impact the development and manifestation of com-
plications [79]. These findings highlight the importance of considering
gender when evaluating the risk of DN in hyperuricemic patients,
guiding more personalized prevention and treatment strategies.

4.2.2. Pathogenic mechanisms of UA in DN

The pathophysiological mechanisms connecting hyperuricemia and
DN are intricate and involve multiple aspects. One of the main mecha-
nisms is inflammation and oxidative stress. Hyperuricemia can activate
the NLRP3 inflammasome pathway, leading to the secretion of pro-
inflammatory cytokines such as interleukin-1p (IL-1f) and interleukin-
18 (IL-18) [80,81]. UA can trigger mitochondrial ROS production in
macrophages, which in turn activates the NLRP3 inflammasome, pro-
moting a chronic inflammatory state in the kidneys [18]. This inflam-
mation can damage renal tissues, including glomeruli and tubules, and
contribute to the progression of DN.

Endothelial dysfunction also plays a crucial role. UA can reduce the
bioavailability of nitric oxide (NO), a key molecule for maintaining
vascular endothelial function [82]. The reduction in NO leads to vaso-
constriction, impaired blood flow regulation, and increased oxidative
stress in the renal vasculature [83]. Moreover, hyperuricemia can acti-
vate the renin-angiotensin-aldosterone system (RAAS), further exacer-
bating endothelial damage and promoting glomerular hypertension
[22,84]. This glomerular hypertension can cause mechanical stress on
the glomerular filtration barrier, leading to albuminuria and progressive
renal damage.

Hyperuricemia may also induce the phenotypic transition of renal
tubular cells. UA can trigger the epithelial-to-mesenchymal transition
(EMT) of renal tubular epithelial cells [85,86]. During EMT, epithelial
cells lose their polarity and cell-cell junctions and acquire mesenchymal
characteristics, such as increased expression of a-SMA and fibroblast-
specific protein 1 (FSP1) [87]. This transition leads to ECM deposition,
interstitial fibrosis, and ultimately, renal function impairment in DN.

In addition, hyperuricemia can cause direct damage to renal cells.
High levels of UA can form monosodium urate (MSU) crystals, which can
deposit in the kidneys and trigger an inflammatory response, leading to
cell death and tissue injury [88,89], subsequently affect the reabsorption
and secretion processes, which may further contribute to renal damage.
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4.3. Diabetic retinopathy

DR, a prevalent and severe microvascular complication of DM, has
become a leading cause of blindness among adults of working age
globally, whose severity varying from mild non-proliferative stages with
microaneurysms and hemorrhages to more advanced proliferative
stages with the growth of new abnormal blood vessels [90]. Under-
standing the factors associated with DR is crucial for developing effec-
tive preventive and treatment strategies. In recent years, UA has
emerged as a potential factor in the development of DR, and exploring
this relationship holds great promise for uncovering new diagnostic
markers and therapeutic targets.

4.3.1. Epidemiological association between hyperuricemia and DR

A number of clinical studies have been conducted to investigate the
correlation between UA and DR. Hu et al. carried out a cross-sectional
study on Chinese patients with T2DM and discovered that higher SUA
levels and hyperuricemia were significantly and positively associated
with vision-threatening DR [12]. Similarly, Rivera-De-la-Parra et al.
reported an independent association between increased SUA concen-
trations and referable DR in a Mexican population [10]. In their study,
subjects with referable DR had higher SUA levels compared to those
without it. Lee et al. also found that SUA concentration was associated
with the worsening of DR severity in Taiwanese patients with T2DM
[13].

However, it is worth noting that the results of different studies on the
relationship between SUA and DR are inconsistent. Some studies have
reported positive correlations, while others have found no association or
even negative correlations [10,11,79,91]. These discrepancies may be
attributed to various factors. The differences in study populations, such
as ethnicity, diabetes type, and disease duration, can lead to different
results. For example, different ethnic groups may have different genetic
backgrounds and lifestyles, which could affect the relationship between
SUA and DR. In addition, the diversity of research designs, including
cross-sectional studies, cohort studies, and the use of different detection
methods and indicators, also contributes to the inconsistent findings.
Moreover, the control of confounding factors varies among studies,
which may further influence the observed relationships.

4.3.2. Pathogenic mechanisms of UA in DR

To understand the role of UA in DR, it is essential to explore the
underlying mechanisms. One of the key ways UA affects DR is through
the induction of an inflammatory response. MSU can activate the NLRP3
inflammasome [92]. This activation triggers a series of reactions that
lead to the release of inflammatory cytokines, such as interleukin IL-1p
and IL-18. These cytokines play a crucial role in the pathogenesis of DR
by disrupting the blood-retinal barrier, damaging vascular endothelial
cells, and promoting neovascularization, all of which contribute to the
progression of the disease.

Oxidative stress is another important mechanism by which UA im-
pacts DR. During the production of UA, ROS, such as superoxide anions,
are generated [21]. These ROS can cause extensive damage to retinal
cells. They can initiate lipid peroxidation, modify proteins, and damage
DNA, ultimately leading to cell dysfunction and death. In the context of
DR, oxidative stress can cause the dysfunction of retinal vascular
endothelial cells, the loss of pericytes, and the apoptosis of nerve cells,
all of which are hallmarks of the disease [93].

UA also influences the expression of vascular endothelial growth
factor (VEGF), a key factor in the development of DR. In a hyperglycemic
environment, UA promotes VEGF expression through the prorenin re-
ceptor (PRR)/NADPH oxidase (NOX) pathway [94]. VEGF is well-
known for its role in inducing angiogenesis. In the retina, an over-
expression of VEGF leads to the proliferation, migration, and lumen
formation of vascular endothelial cells [95]. This not only disrupts the
blood-retinal barrier but also causes retinal edema and neo-
vascularization, which are characteristic features of DR.
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Besides, the Notch signaling pathway is activated by high levels of
UA. This pathway is involved in various cellular processes, including cell
proliferation, differentiation, and apoptosis. In the retina, the activation
of the Notch signaling pathway by UA may disrupt the normal balance of
these processes, contributing to the development of DR [21]. Moreover,
UA can interfere with the energy and lipid metabolism of retinal cells
[93]. It may disrupt mitochondrial function and affect fatty acid
oxidation, thereby impairing the normal function of retinal cells and
promoting the progression of DR.

In conclusion, inflammation, oxidative stress, fibrosis, and endo-
thelial dysfunction are the major pathogenic mechanisms by which UA
contributes to diabetic complications (Fig. 4).

5. The therapeutic interplay between diabetes and
hyperuricemia

5.1. Roles of ULT for diabetic complications

5.1.1. ULT

Current urate-lowering medications primarily reduce SUA levels by
inhibiting UA synthesis and promoting UA excretion, in combination
with adjunctive therapeutic agents such as sodium bicarbonate or citrate
preparations to alkalinize urine[96]. Lots of urate-lowering medications
have been proven to be capable of improving diabetic complications. We
summarize them from several aspects, including drug targets, clinical
benefits, adverse reactions, and the applicable population (Table 1).

5.1.1.1. Xanthine oxidase inhibitors (XOIs). XOls are first-line thera-
peutic agents for patients with hyperuricemia. By inhibiting XOD, they
block the conversion of hypoxanthine — xanthine — UA in the purine
metabolic pathway, thereby reducing UA production[97].

Allopurinol is frontline therapy for chronic gout and hyperuricemia,
especially in patients with normal renal function. Compared to the
placebo group, allopurinol demonstrates a 50 % reduction in serum
urate levels, accompanied by attenuated renal function decline and
reduced incident cardiovascular events[98,99]. Febuxostat is a non-
purine selective XOI with higher potency and longer action duration.
It is recommended for patient intolerant to allopurinol and CKD pa-
tients. However, compared with allopurinol, Febuxostat is associated
with increased risk of adverse cardiovascular events [100]. As a non-
purrine XOI, topiroxostat exerts its inhibitory activity through dual
mechanisms: (1) engaging multiple amino acid residues (Glu802,
Arg880, Thr1010) within the hydrophilic solvent channel via hydrogen
bonding interactions, and (2) forming coordinate covalent bonds with
the molybdenum cofactor (Mo=0O center) at the enzyme’s active site
[16]. Both Febuxostat and Topiroxostat selectively inhibit XO, Febuxo-
stat primarily targets the oxidized form of XO, whereas Topiroxostat
inhibits both oxidized and reduced forms of XO, potentially providing a
more comprehensive suppression of UA production[101,102].

5.1.1.2. Selective UA reabsorption transporter inhibitors (SURTIs). Se-
lective Urate Reabsorption Transporter Inhibitors (SURTIs) are a class of
drugs that target urate transporters, primarily URAT1, to reduce UA
reabsorption in the kidneys, thereby lowering serum urate levels. These
drugs are particularly useful for patients with hyperuricemia and gout
who have inadequate urate excretion [103].

Lesinurad is a URAT1 inhibitor that blocks urate reabsorption in the
proximal tubule of the kidney, promoting UA excretion. It is often used
in combination with XOIs like allopurinol or febuxostat for patients who
do not achieve target serum urate levels with XOIs alone. It is particu-
larly beneficial for patients with tophaceous gout or those who require
additional ULT [104]. Dotinurad is a novel URAT1 inhibitor with high
selectivity and potency. It effectively lowers serum urate levels by
inhibiting urate reabsorption in the kidney. It is suitable for patients
with hyperuricemia, including those with chronic kidney disease, due to

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 19,
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



T. Yang et al.

Diabetic cardiomyopathy

> @ [Bax]t
ﬁoéT Fibroblast ~ | l
Tl (R 1

(st v [Cem i

o T(Ius)
arxa] | g

| 'S G

oM AD ‘\\aspase” )

Ferroptosis l A“tophag{ l
Mitoch ial
L0 on(.irla Inflammation 7
dysfunction Fibrosis Apotosis

Diabetic nephropathy

~ Uricacid —————
Active

Endothelial damage Urate

deposition

glomerular hypertension

Diabetes Research and Clinical Practice 224 (2025) 112204

Uric acid
Active l

APPRI
\NQBP},L) [epTiB] |

NLRP3/
IL18,IL1B

Retinal edema
neovascularization

[ Myocardial fibrosis, diastolic and systolic dysfunction}

[ Proteinuria, glomerulosclerosis, eGFR }

[ Retinal ischemia, visual acuity decline }

Therapy » XOlIs — m

X Anti-VEGF «—
Suppress Reduce synthesis i
Inflammtion
et Diabetic retinopathy
Urate-lowering drugs L ) Uricacid —> | ROS LADCACTCUNOPALLLY Adjuvant drug
Eibrosis Diabetic nephropathy
Promote excretion

\=> SURTIs RAASIs €«——mm

Fig. 4. The role of uric acid in diabetic complications. Uric acid plays a vital role in diabetic complications. In diabetic cardiomyopathy, hyperuricemia exac-
erbates oxidative stress, mitochondrial dysfunction, and insulin resistance via NLRP3 inflammasome activation, AMPK/GLUT4 inhibition, and ERK/TGF-B-mediated
fibrosis. For diabetic nephropathy, uric acid triggers NLRP3-driven inflammation, RAAS activation, and epithelial-mesenchymal transition, promoting renal fibrosis
and endothelial dysfunction through oxidative damage and urate crystal deposition. In diabetic retinopathy, uric acid disrupts the blood-retinal barrier via NLRP3/IL-
1p signaling, upregulates VEGF via PRR-NADPH oxidase pathways, and induces ROS-mediated apoptosis and Notch-dependent metabolic dysregulation. These
mechanisms highlight uric acid as a key mediator of microvascular and macrovascular complications, with therapeutic potential through targeting xanthine oxidase,
URAT1, or inflammasome pathways. ATP, adenosine triphosphate; BAX, BCL2-associated X protein; BCL2, B-cell lymphoma 2; CPT1B, carnitine palmitoyltransferase
1B; ECM, extracellular matrix; eGFR, estimated glomerular filtration rate; EMT, epithelial-mesenchymal transition; FAO, fatty acid oxidation; IL-1f, interleukin-1
beta; IL-18, interleukin-18; NADPH, nicotinamide adenine dinucleotide phosphate; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin
domain-containing 3; NO, nitric oxide; PPR, prorenin receptor; RAAS, renin-angiotensin-aldosterone system; RAASIs, renin-angiotensin-aldosterone system in-
hibitors; ROS, reactive oxygen species; SURTIS, selective urate reabsorption transporter inhibitors; TGF-p, transforming growth factor-beta; VEGF, vascular endo-

thelial growth factor; XOD, xanthine oxidase; XOlIs, xanthine oxidase inhibitors.

its favorable safety profile and minimal impact on renal function [105].
Verinurad is a dual inhibitor of URAT1 and GLUT?9, offering a broader
mechanism of action by targeting multiple urate transporters. It is
particularly effective for patients at high risk of allopurinol hypersen-
sitivity reactions (AHS) and those with normal renal function but
inadequate urate excretion. Its dual targeting ability makes it a prom-
ising option for personalized gout management [106].

5.1.2. Therapeutic effects of ULT on DCM

Allopurinol has been widely studied for its potential to improve
cardiac outcomes in DCM patients with hyperuricemia. Several studies
have shown that allopurinol can reduce UA levels and alleviate
myocardial damage. Gao et al. found that allopurinol treatment in dia-
betic rats led to a reduction in oxidative stress within cardiomyocytes.
By inhibiting XO, allopurinol decreased the generation of ROS, pro-
tected mitochondrial function, and improved energy metabolism [107].
This was reflected in enhanced left ventricular function, as measured by
echocardiographic parameters such as ejection fraction and fractional
shortening. In addition, allopurinol treatment also reduced the apoptosis
of cardiomyocytes, potentially by restoring the balance between pro-and
anti-apoptotic proteins [108].

Yang et al. demonstrated that allopurinol reduced atrial mechanical,
structural, ion-channel remodeling, and mitochondrial synthesis ab-
normalities induced by diabetes-related increases in oxidative stress in
rabbits. The study showed that allopurinol treatment attenuated left
ventricular hypertrophy, increased atrial interstitial fibrosis, and

improved atrial fibrillation inducibility. These findings suggest that
allopurinol may be beneficial in preventing and treating DCM-related
cardiac remodeling and arrhythmias [109]. Rajesh et al. investigated
the effect of allopurinol on cardiac dysfunction, oxidative- nitrosative
stress, apoptosis, poly (ADP-ribose) polymerase (PARP) activity, and
fibrosis associated with DCM in mice. They found that allopurinol
attenuated the diabetes-induced increase in myocardial, liver, and
serum XO activity, myocardial ROS, nitrotyrosine generation, iNOS
expression, apoptosis, PARP activity, and fibrosis [110]. This was
accompanied by improved systolic and diastolic performance of the
hearts of treated diabetic animals. Febuxostat treatment has been
proven to reduce the risk of cardiovascular death [111]. Anyway, a
study shows that it could increases the risk of ventricular arrhythmia by
dysregulating calcium dynamics, with the phosphorylation activation of
c-Jun N-terminal kinase (JNK) involved in this process [112]. Therefore,
the cardiotoxicity of XOIs needs to be carefully considered.

Another UA-lowering drug, benzbromarone, was studied by Xu et al.
in a uricase knockout (Uox-KO) mouse model [62]. Benzbromarone
decreased myocardial fibrosis and ferroptosis by alleviating hyperuri-
cemia in Uox-KO mice administered doxorubicin. The study suggested
that reducing UA levels could mitigate myocardial damage and improve
cardiac function in DCM. However, it should be noted that benz-
bromarone has some potential side effects, such as liver toxicity, which
needs to be carefully monitored in clinical use.
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Table 1
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Application of Urate-Lowering therapy Drugs in Diabetic Complications. CKD, chronic kidney disease; DCM, diabetic cardiomyopathy; DN, diabetic nephropathy;
DR, diabetic retinopathy; eGFR, estimated glomerular filtration rate; STZ, streptozotocin; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; URAT1,

urate transporter 1; XOD, xanthine oxidase.

Drug Name Target Disease Study Model/ Beneficial Outcomes/Mechanisms Adverse Effects
(s) Population
Allopurinol Xanthine DN STZ-treated rats Suppresses renal NLRP3 inflammasome activation and lipid Hypersensitivity reactions (e.g.,
oxidase [113] accumulation. Stevens-Johnson syndrome),
T1DM patients No evidence of clinically meaningful benefits of serum urate gastrointestinal upset.
[117] reduction with allopurinol on kidney outcomes among patients
with type 1 diabetes.
T2DM patients Decreases proteinuria, improves eGFR.
[114]
T2DM patients [23] Decreases UAER and serum creatinine, increases GFR and may
exert kidney protection.
T2DM patients Improves eGFR and renal function.
[115]
DCM STZ-treated rats Attenuate oxidative stress, ameliorate cardiomyocyte hypertrophy
[107] and fibrosis, prevents left ventricular dysfunction.
STZ-treated rats Improves atrial electrical remodeling in diabetic rats by inhibiting
[133] CaMKII/NCX signaling.
STZ-treated mice Improves cardiac dysfunction by decreasing oxidative/nitrosative
[110] stress and fibrosis.
Alloxan-induced Reduces atrial mechanical, structural, ion channel remodeling and
DM rabbits [109] mitochondrial synthesis abnormalities.
DR STZ-treated rats Improves the b-wave amplitude and mitigates retinal damage via
[131] reducing oxidative stress.
Febuxostat Xanthine DN KK-Ay obese Inflammation suppression. Headache, diarrhea, nausea, rash,
oxidase diabetic mice [118] liver dysfunction.
STZ-treated rats Prevents diabetic renal injury due to attenuation of the
[119] inflammatory and oxidative effects.
STZ-treated mice Ameliorates oxidative stress through the inhibition of the VEGF/
[120] VEGFR axis.
Type 2 diabetic Reduces renal oxidative stress and inhibits profibrotic signaling.
Zucker obese rats
[1211
Diabetic patients Preserves eGFR in CKD patients with diabetic nephropathy.
[122]
Diabetic patients Improves eGFR and renal function.
[115]
T1DM patients Lowers systolic BP and modulates the renal Rg responses to
[123] hyperglycemia but without impacting the RAAS or NO levels.
T2DM patients Reduces eGFR.
[124]
T2DM patients Improves eGFR and renal function, but the protection effect was
[125] attenuated compared to non-diabetic subjects.
Benzbromarone URAT1 DN T2DM patients Improves eGFR and renal function. Liver enzyme elevation,
[115] gastrointestinal symptoms (nausea,
diarrhea), rash.
Dotinurad URAT1 DN Diabetic patients Improvements in serum lipids, systolic blood pressure, body Hyperuricemia (paradoxical
[130] weight, albuminuria and reduces serum creatine levels. increase), renal dysfunction, liver
enzyme elevation.
Pegloticase Uric acid DN, T2DM patients Improves renal hemodynamics in young men with T2D, likely via  Infusion reactions, immunogenicity
oxidase DCM [129] relief of uric acid-mediated renal vasoconstriction, but leads to (antibody formation).
transient cardiac dysfunction and increased diastolic blood
pressure.
Topiroxostat Xanthine DN Diabetic patients Suppresses renal XOD activity, reduces albuminuria, preserves Elevated liver enzymes, rash.
oxidase [127] podocyte function.

Diabetic patients
[128]
Db/db mice [126]

Delays the decline of eGFR.

Reduces urinary albumin excretion.

5.1.3. Therapeutic effects of ULT on DN

Given the strong association between hyperuricemia and DN, urate-
lowering drugs have been investigated for their potential to slow the
progression of DN. Allopurinol has shown some promising results in
certain studies. Allopurinol has been proved to suppresses renal NLRP3
inflammasome activation and lipid accumulation in STZ-treated rat
model [113]. In a 3-year randomized parallel- controlled study
involving 176 patients with T2DM and asymptomatic hyperuricemia,
allopurinol treatment led to significant reductions in SUA, urinary al-
bumin excretion rate (ER), and serum creatinine levels, while increasing
the GFR [23]. Similar conclusions have been drawn in other T2DM
populations [114,115]. These findings suggest that long-term control of
SUA with allopurinol may have a renal protective effect in T2DM

patients.

However, the evidence regarding the effectiveness of urate-lowering
drugs in preventing DN progression is not entirely consistent. Some
studies have failed to demonstrate a clear benefit. For example, in an
observational study of CKD patients, the use of allopurinol did not show
a significant protective effect on CKD progression [116]. A study
enrolling 267 T1DM patients shows that no evidence of clinically
meaningful benefits of serum urate reduction with allopurinol on kidney
outcomes [117]. This discrepancy might be attributed to factors such as
the observational nature of the study, the uneven distribution of treated
and untreated patients across different stages of CKD in the study pop-
ulation, and the overall under-use of allopurinol in the sample.

Febuxostat has also been explored in the context of DN. Animal
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experiments indicate febuxostat might improve renal function possibly
via inhibition of inflammation and oxidative stress [118-121]. Although
it effectively reduces SUA levels, its impact on DN progression remains
uncertain. Some small-scale studies have reported positive effects, such
as a decrease in proteinuria, eGFR, and improvement of renal function
[115,122-125], but more large-scale, well-designed clinical trials are
needed to confirm these findings. In addition, a study by Ito H et al.
pointed out that though febuxostat could improve eGFR and renal
function, but the protection effect was attenuated compared to non-
diabetic subjects [125].

The role of topiroxostat in diabetic nephropathy has also been
extensively studied. Topiroxostat can reduce the urinary protein secre-
tion in db/db diabetic mice [126]. Clinical studies have also shown that
topiroxostat can reduce urinary protein secretion, protect podocytes,
and delay the decline of eGFR in patients with DN [127,128]. Its pro-
tective effect is similar to that of febuxostat.

In addition, pegloticase, the only uricase drug approved by the FDA
for the treatment of chronic gout that is unresponsive to other therapies,
can improve renal hemodynamics in young men with T2DM, likely
through relieving UA-mediated renal vasoconstriction, but it leads to
transient cardiac dysfunction and an increase in diastolic blood pressure
[129]. Results of a retrospective longitudinal study indicates that,
dotinurad might be another drug to treat DN through bringing im-
provements in serum lipids, systolic blood pressure, body weight,
albuminuria, and reduce serum creatine levels [130]. However, further
randomized controlled trials are still needed to prove its effectiveness.

5.1.4. Therapeutic effects of ULT on DR

Existing research has demonstrated that UA plays a significant role in
the development and progression of DR. The association between UA
and DR has been observed in various clinical studies, although the re-
sults are not entirely consistent. The mechanisms by which UA affects
DR involve inflammatory responses, oxidative stress, regulation of VEGF
expression, and interference with retinal cell metabolism. Given the role
of UA in the pathogenesis of DR, reducing UA levels may be a potential
therapeutic approach.

Reducing UA levels through drugs like allopurinol and benz-
bromarone shows potential therapeutic value in animal models. Allo-
purinol has been studied in diabetic rats. The results showed that
allopurinol could improve retinal function, as demonstrated by an in-
crease in the amplitude of the electroretinogram b-wave and a reduction
in oxidative stress levels [131]. This suggests that allopurinol may exert
its beneficial effects by reducing oxidative stress rather than simply
lowering SUA levels. Benzbromarone has also shown positive effects in
animal experiments. It can alleviate retinal damage induced by hyper-
uricemia, such as reducing retinal inflammation and improving retinal
structure [132]. These findings indicate that reducing SUA levels
through different mechanisms can potentially mitigate the development
of DR.

However, translating these findings into clinical practice still faces
challenges. Currently, there is a lack of large-scale clinical studies to
verify the long-term efficacy and safety of UA lowering treatments for
DR. Additionally, drugs used to lower UA may have potential side ef-
fects, and individual patient variability needs to be considered. There-
fore, further research is required to address these issues and determine
the optimal approach for using ULT in the treatment of DR. Looking
ahead, future research should focus on conducting more large-scale,
multi-center, and prospective clinical trials. These studies are needed
to clarify the causal relationship between UA and DR and to evaluate the
long-term efficacy and safety of ULT. In addition, exploring the indi-
vidualized treatment strategies based on patients’ specific conditions,
such as genetic background and comorbidities, is also an important di-
rection. If successful, the research on UA and DR may lead to the
development of new diagnostic markers and more effective therapeutic
drugs, providing new hope for the prevention and treatment of this
blinding complication of DM.
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5.1.5. Considerations in the use of ULT for diabetic complications

When prescribing ULT for diabetic patients with complications, cli-
nicians must navigate a complex interplay of factors to optimize safety
and efficacy. Renal function is paramount: declining kidney function
alters ULT pharmacokinetics, increasing risks of accumulation and
toxicity. For example, in advanced DN, allopurinol clearance decreases,
necessitating dose adjustments based on eGFR; severe renal impairment
may even contraindicate certain agents [134]. Safety profiles demand
careful consideration. Allopurinol carries a risk of life-threatening
allergic reactions like Stevens-Johnson syndrome, particularly in HLA-
B*58:01 carriers—common in Asian populations. Pre-treatment allele
screening is advised to mitigate this risk [135,136]. Drug-drug in-
teractions add another layer of complexity: diabetic patients often take
multiple medications (e.g., for hypertension, dyslipidemia), and ULTs
like allopurinol can potentiate toxicity when combined with azathio-
prine [137]. A thorough review of the patient’s entire medication list is
essential to avoid dangerous interactions. In addition, individual vari-
ability in response to ULT should not be overlooked. Genetic factors (e.
g., polymorphisms in UA transporters) [138], lifestyle (diet, alcohol,
physical activity), and comorbidities influence efficacy. For instance, a
high-purine diet can counteract drug effects by increasing UA produc-
tion, highlighting the need for personalized lifestyle counseling along-
side pharmacotherapy.

In short, while ULTs like allopurinol and febuxostat show promise in
slowing diabetic complication progression, evidence remains inconclu-
sive. Future research—large, randomized controlled trials—should
clarify ULT’s role in personalized management, balancing benefits
against risks posed by renal dysfunction, adverse reactions, and inter-
patient variability. This will enable more targeted strategies to
improve outcomes in diabetic patients with hyperuricemia.

5.2. Roles of glucose-lowering drug in the treatment of hyperuricemia

As mentioned above, urate-lowering drugs have proven to play a
significant role in the treatment of various diabetic complications.
Conversely, hypoglycemic drugs can also be used in the treatment of
hyperuricemia since DM and hyperuricemia are closely related.
Currently, there are various types of hypoglycemic drugs commonly
used in clinical practice, and different types of hypoglycemic drugs play
different roles in lowering UA.

5.2.1. Metformin

Hyperuricemia induces multi-tissue IR through oxidative stress and
dysregulated signaling, with metformin offering AMPK-dependent
therapeutic benefits. In skeletal muscle, UA elevates ROS, triggering
IRS1-Ser307 phosphorylation to suppress AKT signaling, reduce GLUT4
translocation, and impair glucose uptake. Metformin activates AMPK to
restore IRS1/AKT signaling and enhance GLUT4-mediated glucose
transport [41]. Cardiomyocytes, similarly affected, exhibit hyperurice-
mia —driven Akt inhibition and GLUT4 dysfunction. Metformin reverses
these defects via AMPK activation in vitro and in hyperuricemia mice,
improving glucose tolerance—a role recapitulated by 5-Amino-
imidazole-4-carboxamidel-p-D-ribofuranoside (AICAR), confirming
AMPK’s centrality [17].

In adipose tissue, UA promotes adipocyte hypertrophy, suppresses
thermogenic beiging, and reduces leptin, disrupting FFA homeostasis
and worsening systemic IR. Metformin mitigates this through urate-
lowering effects and direct AMPK activation, attenuating hypertrophy,
restoring beiging, and enhancing leptin signaling to reduce serum FFA
levels [38].

Epidemiological and genetic analyses further support metformin’s
role in urate metabolism: observational studies in T2DM patients show
reduced urate levels and hyperuricemia risk with metformin use, while
Mendelian randomization confirms a causal effect of metformin-
targeted HbAlc reduction on urate lowering, partially mediated by
body mass index [139]. These findings -collectively highlight
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metformin’s multi-tissue actions and its systemic benefits in reducing
UA, positioning it as a promising therapeutic for UA-related metabolic
disorders.

5.2.2. Sodium-glucose cotransporter 2(SGLT-2) inhibitors

SGLT-2 inhibitors have emerged as a transformative class of thera-
peutics, offering dual benefits in glycemic control and hyperuricemia
management through multi-level mechanistic actions.[140]. These
agents induce a state of “starvation mimicry” at the cellular level, dis-
rupting nutrient surplus signaling pathways such as mammalian target
of rapamycin (mTOR) and hypoxia-inducible factor-la (HIF-1a)
[141-143]. By downregulating these pathways, SGLT2 inhibitors reduce
the flux through the pentose phosphate pathway, a central hub for pu-
rine biosynthesis, thereby decreasing the production of UA precursors.
Concurrently, they activate nutrient deprivation signals like sirtuin-1
(SIRT1) and AMPK[141-143], which further suppress purine synthesis
[144,145] and enhance cellular resilience to oxidative stress[146,147],
two critical drivers of hyperuricemia in conditions like diabetes and
heart failure.

In the renal tubule, SGLT-2 inhibitors enhance UA excretion through
coordinated actions on transport proteins. By inhibiting glucose reab-
sorption, these drugs increase luminal glucose levels in the proximal
tubule, which transactivates GLUT9 isoforms responsible for urate
efflux, while suppressing the activity of URAT1[148-150]. Additionally,
SGLT2 inhibition may upregulate ABCG2, a transporter involved in both
renal and intestinal urate secretion, further promoting the elimination of
excess UA[151]. These renal effects are synergistic with systemic im-
provements, such as reduced body weight and alleviated IR, as hyper-
insulinemia and obesity typically exacerbate renal urate retention by
enhancing URAT1 activity[152,153].

Clinical evidence underscores the robust urate-lowering efficacy of
SGLT-2 inhibitors. Meta-analyses of 62 randomized controlled trials
(34,941 patients) demonstrate a pooled SUA reduction of 37.73 pmol/L
versus controls, with empagliflozin achieving the greatest effect (45.83
pmol/L)[154]. In T2DM and heart failure (HF), SGLT-2 inhibitors reduce
hyperuricemia-related complications. A population-based cohort study
(295,907 patients) reported a 36 % lower incident gout risk in SGLT-2
inhibitor users versus GLP-1 receptor agonists (HR: 0.64)[155], with
consistent findings in HF subgroups: empagliflozin reduced hyper-
uricemic events by 38 % in HFpEF and 32 % in HFrEF, independent of
baseline serum UA[156,157]. Notably, UA-lowering efficacy is more
pronounced in non-T2DM individuals and early-stage DM, highlighting
population-specific benefits[154,158].

Beyond urate control, SGLT2 inhibitors mitigate oxidative stress,
inflammation, and tubular dysfunction, driving cardiovascular and renal
benefits like reduced HF hospitalizations and slowed CKD progression
[54,156,157,159,160]. Their dual action—suppressing synthesis while
enhancing excretion—alongside metabolic/hemodynamic advantages,
positions them as uniquely effective in managing hyperuricemia,
particularly in comorbid populations. As research evolves, clarifying
their role in non-diabetic hyperuricemia and long-term outcomes will
further solidify their therapeutic potential.

5.2.3. Other glucose-lowering drugs

By inhibiting dipeptidyl peptidase-4 (DPP-4), DPP-4 inhibitors
reduce the degradation of glucagon-like peptide-1 (GLP-1), thereby
elevating endogenous GLP-1 levels. This process promotes insulin
secretion, suppresses glucagon release, and ultimately lowers blood
glucose. Preclinical studies have demonstrated that MK0626, a selective
DPP-4 inhibitor, alleviates Western diet-induced renal injury in obese
mice. This protective effect occurs through dual pathways of reducing
inflammation and lowering UA, operating independently of blood
pressure regulation or insulin-dependent mechanisms[161].

Current research on antihyperglycemic drugs for hyperuricemia
treatment primarily focuses on metformin and SGLT2 inhibitors,
whereas the roles of other types of glucose-lowering drugs remain

10

Diabetes Research and Clinical Practice 224 (2025) 112204

relatively under-investigated. Future in-depth studies are critical to
develop comprehensive treatment strategies that integrate multi-
targeted mechanisms beyond conventional glucose-lowering
approaches.

In the management of metabolic diseases, disrupting the vicious
cycle of metabolic dysregulation represents a critical therapeutic
objective[162]. While current ULT and glucose-lowering drugs have
demonstrated promising dual benefits, future therapeutic strategies for
DM with comorbid hyperuricemia should prioritize either optimized
combination therapies or the development of novel targeted agents to
disrupt this pathological metabolic cycle.

6. Conclusion

Islet p cell dysfunction serves as the bridge during the metabolic
crosstalk between hyperuricemia and DM. Hyperuricemia significantly
contributes to diabetic complications via oxidative stress, inflammation,
and metabolic dysregulation. ULT agents like XOIs and URAT1 in-
hibitors show therapeutic promise but require cautious use in patients
with renal impairment or cardiovascular risks. Tailoring treatments
based on eGFR, genetic factors (e.g., HLA-B*58:01 for allopurinol), and
comorbidities is critical. Similarly, glucose-lowering agents also exhibit
bidirectional therapeutic potential. SGLT2 inhibitors disrupt the
glucose-urate axis through dual mechanisms: suppressing hepatic purine
synthesis via pentose phosphate pathway modulation and enhancing
renal urate excretion through GLUT9/URATI regulation. Metformin’s
AMPK-mediated restoration of insulin signaling further bridges meta-
bolic homeostasis across tissues. These findings elucidate the intricate
metabolic crosstalk networks and advocate for integrated pharmaco-
logical strategies targeting both hyperglycemia and hyperuricemia in
comorbid populations.
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