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Abstract: Hyperuricemia is a common comorbidity in patients with type 2 diabetes mellitus (T2DM), as insulin resistance (IR) or
hyperinsulinemia is associated with higher serum uric acid (SUA) levels due to decreased uric acid (UA) secretion, and SUA vice
versa is an important risk factor that promotes the occurrence and progression of T2DM and its complications. Growing evidence
suggests that sodium-glucose cotransporter 2 inhibitors (SGLT-2i), a novel anti-diabetic drug initially developed to treat T2DM, may
exert favorable effects in reducing SUA. Currently, one of the possible mechanisms is that SGLT21i increases urinary glucose excretion,
probably inhibiting glucose transport 9 (GLUT9)-mediated uric acid reabsorption in the collecting duct, resulting in increased uric acid
excretion in exchange for glucose reabsorption. Regardless of this possible mechanism, the underlying comprehensive mechanisms
remain poorly elucidated. Therefore, in the present review, a variety of other potential mechanisms will be covered to identify the
therapeutic role of SGLT-2i in hyperuricemia.
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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by chronic hyperglycemia and is considered one
of the main global causes of morbidity and mortality." Serum uric acid (SUA) is the final product of purine metabolism
by xanthine oxidoreductase (XO), and hyperuricemia is caused by abnormal purine metabolism. Patients with an increase
in SUA concentration are at risk for diabetes, metabolic syndrome (MetS), and other related symptoms. In an observa-
tional study, the researchers eventually enrolled 46,561 eligible participants in Taiwan’s Health Examination Registration
System from 2013 to 2015, and found that SUA is an important predictor of the risk of MetS, DM and hypertension in
adults, especially in men.” In recent decades, a great deal of studies has demonstrated that hyperuricemia is an
independent risk factor for CVD, as well high UA promotes insulin resistance; it is also associated with atrial fibrillation
(Malhotra, #26), heart failure (HF), major adverse cardiovascular events (MACE) such as death, infarction, stroke,
glomerular damage, tubulointerstitial fibrosis and chronic kidney disease (CKD).>”’ In a meta-analysis based on
observational cohort studies, it is demonstrated that SUA is an independent risk factor for CKD, even without
diabetes.® Given the various detrimental complications that could be associated with hyperuricemia, reducing SUA
may be beneficial for T2DM patients as they may be at a higher risk of microvascular and cardiovascular diseases.
Therefore, reducing SUA levels is necessary.

Sodium-glucose cotransporter 2 (SGLT-2) is predominantly expressed in kidney segments 1 and 2 of the proximal
convoluted tubules’ apical membrane.” Sodium-glucose cotransporter-2 inhibitors (SGLT-2is) are a novel family of
medications used to treat T2DM by inhibiting SGLT-2 in the renal proximal tubules, which is responsible for 90% of
renal glucose reabsorption.'® This mechanism is glucose-dependent and has nothing to do with the efficacy or availability
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of insulin. SGLT2I leads to an increase in urine glucose that is accompanied by osmotic diuresis and a decrease in blood
pressure.'! In addition to the anti-diabetic effects, weight loss has also been observed in patients receiving SGLT-2i
therapy. In the cardiovascular outcome trial (CVOTS), SGLT2i has been shown to reduce major adverse cardiovascular
events (MACE) and hospitalization for heart failure, and is associated with slow progression of kidney disease and lower
incidence of renal end points, and these effects appear to be independent of hypoglycemia effects.'>!® In addition, the
latest clinical trials have shown that SUA levels could be reduced by SGLT2i.'"'* However, the exact mechanism
underpin is to be determined. Therefore, in this review, we will talk about the possible mechanisms of SGLT2i in
lowering the SUA level, which remains a topic with massive complexity and is still a matter of debate.

The Physiology and Pathophysiology of Uric Acid Metabolism

Metabolism of UA

UA (2,6,8-trihydroxypurine, CSH4N403) is the ultimate product of exogenous and endogenous purine. The production
and metabolism of UA is a complex process involving various factors that regulate the production of the liver and the
excretion of the compound in the kidneys and intestines.'> The excretion of UR is controlled by postglomerular
reabsorption and secretion. UA is reabsorbed and secreted in the proximal tubule, with around 90% of it being
reabsorbed into the blood mostly by the transport of proteins on the renal tubules.'® In human body, purine nucleotides
convert to inosine monophosphate (IMP) by deaminase, following IMP be phosphorylated into adenosine monopho-
sphate (AMP) or guanosine monophosphate (GMP), which can be respectively transformed into xanthine. At length,
xanthine is metabolized to the terminal product UA by xanthine oxidase enzymatic reaction'>'” (Figure 1). XO is
abundant in liver and small intestine, but low in endothelial cells, brain, kidney and other cell types, and it is key enzyme
in urate metabolism. The functional pKa of SUA is 5.75, while at physiological pH it exists mainly in the form of urate

anion.'®

Urate Excretion and Absorption

About 70% UA is excreted accompanied with urine, whereas the rest UA is excreted through the intestinal tract.'” In
human kidneys, urate excrement involves urate glomerular filtration, followed by a series of complex reabsorption and
secretion mechanisms in the proximal tubules. There are two main categories of UA transporters: one is urate
reabsorption transporter, and another is UA excretory transporter. The urate reabsorption pathway involves UA reabsorp-
tion transporter 1 (URAT1), organic anion transporter 4(OAT4), and glucose transporter 9 (GLUT9) (long isoform
GLUTO9-L located in the basal membrane of the proximal tubule; short isoform GLUT9-S located in the apical membrane
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Figure | Exogenous and endogenous purine is deaminated to form inosine monophosphate (IMP), which can convert to adenosine monophosphate (AMP) or guanosine
monophosphate (GMP) and terminally turn into xanthine through two metabolic pathways. Part of AMP is dephosphorylated to adenosine by nucleotidase, and subsequently
adenosine is deaminated to inosine. Similarly, GMP is converted to guanosine by nucleotidase. Inosine and guanosine are further converted to hypoxanthine and guanine by
purine nucleoside phosphorylase (PNP) respectively, followed by hypoxanthine being oxidized while guanine deaminated, both to form xanthine. Eventually, uric acid is
produced through xanthine oxidized reaction by xanthine oxidase (XO).
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of the collecting duct); the excretion pathway includes OAT1, OAT3, multi-drug resistance protein 4 (MRP4/ABCC4),
ATP binding cassette transporter G-2 (ABCG-2) and sodium/phosphate cotransporters (NPT1/NPT4).2%! (Figure 2) All
these transporters or proteins significantly affect UA levels in the body, which may cause metabolic disorders such as
hyperuricemia when they are dysfunctional or damaged.

Influence of Pathologically Increased UA: Promoting Diabetic Development

Causing Inflammation

Evidence shows that UA may be involved in the development of atherosclerosis and other vascular disease through pro-
inflammatory pathway. Soluble UA could activate NLRP3 inflammasome. In human studies, the increase of UA level in
blood promotes the expression of many inflammatory factors such as interleukin-1B(IL-1 B),?* tumor necrosis factor-o.
(TNF-a) and interleukin-6 (IL-6).>> UA up-regulates the expression of C-reactive protein (CRP) in cultured human
vascular smooth muscle cells and endothelial cells.>* In addition, Toll-like receptor 4 (TLR4) is expressed in renal tubular
epithelial cells and participates in the process of promoting production of proinflammatory cytokines, inducing insulin
resistance and cardiovascular damage in patients with obesity and T2DM.*® TLR activation increases the expression of
several inflammatory cytokines and chemokines, such as TNF-a, that are associated with the pathogenesis of diabetic
nephropathy.*

Causing Endothelial Dysfunction

Due to the effects of hyperglycemia and neurohormone activation, UA levels could be independently related to
endothelial dysfunction in animals and humans, thus could promote hypertension and other cardiovascular disease.’
Decreased nitric oxide (NO) level of endothelial cells leads to endothelial dysfunction. UA is the most abundant
antioxidant in plasma, which increases and reacts irreversibly with NO, resulting in the production of 6-aminouracil,
and NO depletion.”” Research suggests that high UA inhibits the production of NO in aortic endothelial cells stimulated
by vascular endothelial growth factors.”® In addition, UA can down-regulate the expression of nitric oxide synthase 1
(NOS1) to inhibit the production of NO through activating renin-angiotensin system (RAAS).”’ Interestingly, UA-
induced endothelial dysfunction is associated with decreased mitochondrial mass and ATP generation. In rats with
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Figure 2 Transporters and proteins regulating uric acid transport in renal proximal tubule and collecting duct. OAT | and OAT3, located on basolateral surface, are referred
to as major multi-specific influx transporters that transfer uric acid from the blood to proximal tubule cells. Urate reabsorption pathway involves OAT4 and URATI.
Intracellular UA, moved by OAT4 and URATI from lumen, is transported through GLUT9 on basolateral membrane. ABCG-2, MRP4 and NPT /4 on apical membrane
mediate the excretion of uric acid.
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hyperuricemia, it was observed that the increase in mitochondrial DNA damage was related to the increase in uric acid
and oxidative stress in the kidneys.*°

Causing Oxidative Stress

Excessive UA can lead to increased production of reactive oxygen clusters (ROS), which can cause vascular inflamma-
tion and dysfunction.>’ XO is regarded as a crucial enzyme in uric acid metabolism and a major generator of reactive
oxygen species, particularly superoxide anions, which rapidly interact with endothelial-derived nitric oxide to produce
peroxynitrite and initiate a cascade of damaging oxygen-free radical effects.’? Besides, oxidative stress is an important
pathogenic factor of UA-mediated renal tubular cells, vascular endothelial cells and smooth muscle cells (SMC),
hepatocytes and adipocytes.*® Studies have shown that uric acid stimulates vascular smooth muscle cell proliferation
and oxidative stress via the RAAS, whereas angiotensin II induces an increase in the activities of NOX and XO,
ultimately resulting in oxidative damage.** Oxidative stress is associated with T2DM, as it can result in decreased insulin
secretion and insulin resistance by interfering with the genetic expression of insulin.*

The Mechanisms of SGLT2i in Lowering SUA Levels

SGLT?2i effectively induces urinary glucose excretion by inhibiting the activity of SGLT2 in renal proximal tubule S1
segment and reduces the reabsorption of glucose by tubular epithelial cells, exerting a hypoglycemic effect.>® In addition
to its glucose-lowering effect, large randomized clinical trials show that SUA levels can be continuously lowered by
SGLT2i.>” * In the study of uric acid metabolism analysis of T2DM patients taking SGLT2i orally, it is confirmed that
the increase of UA excretion rate leads to the decrease of SUA, which is related to the increase of urine glucose excretion
rate. The treatment with SGLT2i leads to the increase of glucose excretion in urine, which eventually leads to the increase
of UA exchange in the apical membrane of tubular cells and the increase of UA release from blood to urine, hence
decreasing the SUA level.*! Besides, a substantial body of evidence shows that SGLT2i can also reduce the incidence
rate of gout.*** A meta-analysis of randomized controlled trial about the effect of SGLT2i on SUA level showed that
SUA was significantly decreased by all SGLT2is (dapaglifiozin, canaglifiozin, tofogliflozin, empagliflozin, luseogliflozin
or ipragliflozin), especially empagliflozin exerted a superior SUA-lowering effect, and there was a dose-dependent

manner (from 5 to 50 mg) in treat with dapagliflozin.**

SGLT-2i Blocks SGLT-2 Affecting GLUT9 and URAT-I

The transporter URAT1, encoded by SLC22A12 gene, is located on the basolateral surface of the proximal tubule, and is
responsible for urate reabsorption after glomerular filtration. The accumulation of organic anions in cells is conducive to
the reabsorption of urate in exchange for these anions transferred to the lumen, providing the basis for hyperuricemia
associated with elevated levels of these anions.*>*® Glucose transporter 9 (GLUT9) appears to be involved in the efflux
of UA.*” GLUTY, encoded by the SLC2A9 gene, is a fructose transporter that mediates UA reabsorption from renal
tubular cells into circulation.*® The current hypothesis about the effect of SGLT2i on reducing UA is that glucose
promotes UA excretion in the urine, involving transporters URAT1 and GLUT9.*’ Studies have shown that luseogliflozin
inducing excretion of glucose may increase urinary excretion rate of UA, as glycosuria influences activity of urate
transport rather than activity of any other transporters.’® The glucose level in the beginning proximal tubule may be
higher due to SGLT-2i blocking the SGLT-2 located on S1 segment. SGLT-2i increases intraluminal glucose concentra-
tion, stimulate UA excretion in proximal tubules mediated by GLUT9 or any other transporter.’® There is research
demonstrating that SGLT-2i suppresses UA reabsorption in collecting ducts mediated by GLUT9.?" Another mechanism
may be that SGLT-2i reduces the reabsorption of UA via urate reabsorption protein 1 (URAT1) thereby reducing the
concentration of serum insulin. Figure 3 shows the concrete mechanism.

SGLT-2i Enhances Sirtuin-|

Sirtuin (SIRT) is a member of the silencing information regulator 2 family. SIRT1 plays a cytoprotective role through
a variety of mechanisms. It has the effects of anti-apoptosis, anti-oxidation and anti-inflammation. Hyperglycemia
disrupts activation/dynamic interaction between SIRT1 and AMPK, decreasing the expression of SIRT1 and AMPK.>

440 https: Diabetes, Metabolic Syndrome and Obesity 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Dong et al

SGLT2i Glucosef
S

Apical surface

/
/ Glucose

Epithelial cell

Serum insulin ‘

Basolateral surface

Figure 3 SGLT-2i blocks SGLT-2 on apical surface resulting in increase of urinary glucose, and glycosuria subsequently stimulates excretion of uric acid transported by apical
GLUT9, NPTI/NPT4 and MRP4/ABCG2. In contrast, elevated urine glucose suppresses UA reabsorption by URATI on apical membrane at proximal tubule and apical
GLUT? at collecting duct. In addition, SGLT-2i inhibit uric acid reabsorption by URAT| through reducing serum insulin concentration.

Basolateral high glucose stimulates SGLT-2 expression. Correlation between SIRT1 and SGLT-2 expression under
diabetic conditions is negative, the over-expression of SGLT-2 leads to the increase of glucose from lumen into proximal
tubule cells, reducing the expression of SIRT1.>* Xanthine oxidase levels in plasma and tissue increase in metabolic

5435 and chronic heart failure.>®

disorder-related inflammatory states (obesity, metabolic syndrome and type 2 diabetes)
Activation of SIRT1 downregulates the activity of xanthine oxidase.>” Research shows that SGLT-2i, blocking reabsorp-
tion of glucose by the SGLT-2 on proximal tubule apical to reduce serum glucose, stimulate activation of sirtuin-1, which
can inhibit xanthine oxidase to reduce UA production.’® It can be expected that SIRT1 reduces the activation of xanthine
oxidase, thus reducing the formation of UA. In addition, the activation of SIRT1 may inhibit xanthine oxidase through
direct action. Another possibility is that SIRT1 promotes intestinal UA excretion by activating ABCG2 through the

peroxisome proliferator-activated receptor y /co-activator a (PGC-1a/PPARY) pathway>’ (Figure 4)

SGLT?2i Attenuates Activation of NLRP3

Urate crystallization and soluble UA are proved to activate pyrin domain-containing 3 (NLRP3) inflammasome and
induce the production of IL-1p.°® NLRP3 inflammasome is a significant factor to induce acute gout. ABCG2 is a high-
volume urate exporter that promotes the secretion of UA in the intestinal tract, decreased ABCG2 function leading to
decreased UA excretion, could cause hyperuricemia.> However, several research demonstrated that soluble UA
upregulates the expression of ABCG?2 to promote the excretion of intestinal cells by activating TLR4-NLRP3 inflamma-
some and PI3K/Akt signal pathway, which may be a feedback regulation.®> SGLT-2i can attenuate the activation of
NLRP3 inflammasome in T2DM patients with high-risk of hyperuricemia by increasing circulating B-hydroxybutyrate
(BHB) levels. Besides, SGLT-2i inhibits the SGLT-2 resulting in reduced serum glucose and insulin levels to attenuate
the activation of NLRP3 inflammasome, which decrease the risk of acute gout.®*

SGLT2i Influences RAAS and Sympathetic Nervous System

Recent studies have demonstrated that blocking XO for four weeks in rats with cerebral infarction depresses sympathetic
innervation. This suggests that sympathetic nerve activity may contribute to the production of uric acid and that UA may
inhibit sympathetic nervous system (SNS) activity via a superoxide-dependent mechanism.®> Accumulating evidence
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Figure 4 Pathways by which SGLT-2i enhance SIRT| to reduce SUA. Different arrows represent three dependent pathways.

suggests that SGLT2i could down-regulate sympathetic activity, as demonstrated by decreases in SNS indicators such as
norepinephrine (NE), which may be a potential mechanism for lowering SUA.®® In addition, activation of RAAS interacting
with UA metabolism induces a series of inflammatory damage.?*** Recently, emerging evidence suggests that SGLT2i could
improve redox state and oxidative stress, thereby reducing oxidative damages to ameliorate IR, by regulating the activity of

the renin-angiotensin system (RAAS), down-regulating the pro-oxidant enzymes and enhancing mitochondrial function.®”-%*

Conclusion

Patients with T2DM can benefit from the lower incidence of gout caused by SGLT-2 inhibitors. Numerous clinical trials and
fundamental research have established a relationship between T2DM and hyperuricemia. Considering the systemic diseases
associated with hyperuricemia, decreasing serum uric acid in T2DM patients is undoubtedly beneficial. Due to its effective-
ness in reducing serum uric acid, the SGLT?2 inhibitor will be recommended over the other oral anti-diabetic medications. In
this review, we examined the potential processes by which SGLT2 inhibitors reduce uric acid: 1. SGLT-2i may improve
urinary glucose excretion by blocking renal tubular uric acid transporters, such as URAT1, which increase UA secretion in
response to glucose reabsorption, resulting in higher UA excretion and decreased SUA. In addition, SGLT-2i inhibit UA
reabsorption by URAT1 by decreasing serum insulin levels. 2. SGLT-2i inhibits the entry of intracellular glucose into
proximal renal tubular cells, restores the production of sirtuin-1, and sirtuin-1 inhibits the main enzyme xanthine oxidase
(OX) in uric acid metabolism, resulting in a decreased UA level. SIRT1 may also stimulate the intestinal excretion of UA. 3.
SGLT-2i inhibits greatly the activation of inflammatory bodies, the production of IL-1 and NLRP3, and the activation of
NLRP3, hence alleviating gout. Through RAAS and SNS, SGLT?2i is able to downregulate the activity of XO and suppress
the inflammatory response to decrease SUA formation. In addition to the aforementioned probable mechanisms, there are
a significant number of other potential mechanisms that will require extensive experimental and clinical research in the future.
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