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Abstract

Diabetes mellitus is one of the most significant global burden diseases. It is well established that a chronic, systemic,
low-grade inflammatory condition is strongly correlated with type 2 diabetes mellitus (T2D) and the development
of target-organ damage (TOD). Sodium-glucose cotransporter inhibitors (SGLTis), novel oral drugs for the treatment
of diabetes, act mainly by reducing glucose reabsorption in proximal renal tubules and/or the intestine. Several high-
quality clinical trials and large observational studies have revealed that SGLTis significantly improve cardiovascular
and renal outcomes in T2D patients. Increasing evidence suggests that this is closely related to their anti-inflamma-
tory properties, which are mainly manifested by a reduction in plasma concentrations of inflammatory biomarkers.
This review analyses the potential mechanisms behind the anti-inflammatory effects of SGLTis in diabetes and pre-
sents recent evidence of their therapeutic efficacy in treating diabetes and related TOD.
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Introduction

Type 2 diabetes mellitus (T2D) stands as a foremost ail-
ment with substantial implications for human well-being.
It has been recognized that a chronic, systemic, and low-
grade inflammatory state is strongly combined with the
development of T2D and target-organ damage (TOD)
[1]. Plasma concentrations of inflammatory biomark-
ers, including but not limited to tumor necrosis fac-
tor (TNF)-a, interleukin (IL)-6, and C-reactive protein
(CRP), are increased twofold in T2D [2]. Chronic tissue
inflammation in the context of diabetes manifests within
insulin-responsive tissues, notably including adipose tis-
sue, the liver, skeletal muscle, and pancreatic islets. This
phenomenon holds significant prominence as a pivotal
etiological element in insulin resistance (IR) genesis and
the subsequent onset of T2D. This chronic inflammatory
state leads to long-term pathologic damage in diabetes,
including metabolic dysfunction-associated steatotic
liver disease (MASLD), retinopathy, cardiovascular dis-
ease (CVD), and nephropathy, and may also be respon-
sible for the association of T2D with other diseases
such as Alzheimer’s disease, polycystic ovary syndrome
(PCOS), gout, and rheumatoid arthritis (RA) [3]. In dia-
betes mellitus, a variety of factors are associated with the
onset of severity in addition to hyperglycaemia, such as
obesity, hyperuricaemia and persistently high levels of
inflammatory biomarkers. The findings of the prestigious

Canakinumab Anti-inflammatory Thrombosis Outcome
Study (CANTOS) [4] confirmed that canakinumab tar-
geting IL-1p reduces inflammation through the innate
immune pathway, conferring direct cardiovascular (CV)
benefits in CV high-risk populations. Consequently, there
has been a growing emphasis on therapeutic modalities
aimed at attenuating low-grade inflammation as a pivotal
component of T2D management.

The utilization of SGLTis as novel antidiabetic drugs
has significantly increased in medical practice over the
last few years. SGLTis can reduce both fasting and post-
prandial hyperglycemia, preventing hyperglycemic toxic-
ity. This is achieved by blocking glucose reabsorption in
proximal renal tubules and/or intestine, increasing renal
and/or intestinal excretion of glucose, and stimulat-
ing insulin secretion through its incretin and prolifera-
tor actions by binding to specific receptors in pancreatic
B-cells [5, 6]. They have also been indicated to play an
anti-inflammatory role in fat reduction, blood pres-
sure lowering, efficacy in certain tumor diseases and,
more recently, in cardiorenal protection [7, 8]. In fact, an
increasing amount of fresh data suggests that SGLTis can
inhibit inflammation, mainly in the form of reduced lev-
els of relevant inflammatory biomarkers, including TNEF-
a, IL-1p, IL-6 and monocyte chemoattractant protein-1
(MCP-1) [9]. This review explores the possible ways
in which SGLTis can reduce inflammation in patients
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Fig. 1 Mechanism of glucose-lowering activity of SGLTis in the kidneys. SGLT2 is located mainly in the S1 and S2 segments of the renal proximal
tubule and SGLT1 is located mainly in the S3 segment of the renal proximal tubule. SGLTs, which are mainly located on the brush border (luminal
side) of epithelial tubular cellis, enables the transfer of both sodium and glucose from the lumen into the tubular cells. Sodium is transported
along with glucose through SGLTs. Next, glucose enters blood circulation through an active transport mechanism mediated by GLUT2,

which are located on the basolateral membrane of the epithelial tubular cells. SGLTis reduces the reabsorption of glucose by inhibiting SGLT1
and SGLT?2 targets in the kidneys, thereby allowing excess glucose to be excreted through the urine. GLUT2 is the major glucose transporter

across the basolateral membrane

with T2D. The mechanisms responsible for these anti-
inflammatory effects are varied and include factors such
as weight loss, reduced levels of uric acid, and decreased
oxidative stress. Considering the central role that inflam-
mation plays in the etiology and progression of diabetes,
the principal objective of our comprehensive review is
to systematically gather and analyse empirical substan-
tiation pertaining to the anti-inflammatory properties
of SGLTis, with particular emphasis on their application
within the context of diabetic-associated inflammation.
It also summarizes the benefits that SGLTis can offer to
T2D patients.

SGLT inhibition

Pharmacological effect

The SGLT gene family encompasses a minimum of six
distinct isoforms within the human genome [10]. SGLT1
and SGLT?2 have been extensively researched due to their
vital role in transporting glucose and sodium through the
intestines and renal cells. SGLT1 is responsible for glu-
cose uptake in the small intestine and reabsorbs approxi-
mately 10% of the filtered glucose in renal proximal
tubule segment 3 (S3), while SGLT2 is mostly found in

renal proximal tubule S1-S2 and is responsible for reab-
sorbing approximately 90% of the filtered glucose load
[11]. The combined effect of SGLT1 and SGLT?2 results in
less glucose in the urine. If SGLT1 and SGLT?2 targets are
inhibited, the glucose threshold is lowered by reducing
glucose reabsorption in the small intestine and kidneys,
thereby allowing excess glucose to be excreted through
the urine (as depicted in Fig. 1).

Until now, the U.S. Food and Drug Administration
(FDA) has approved canagliflozin, empagliflozin, dapa-
gliflozin, ertugliflozin and sotagliflozin for treating T2D
[12]. Sotagliflozin is the typical drug recognized as a
dual-targeted sodium-glucose cotransporter 1/2 inhibi-
tor (SGLT1/2i) which is currently available on the mar-
ket. It is worth mentioning that the pharmacological
action of canagliflozin is also related to SGLT1 inhibition
in addition to SGLT?2 inhibition, making it an important
medication [13, 14].

Evidence-based medicine for cardiorenal protective effects
Over the past few years, many clinical trials and obser-
vational studies have revealed that SGLTis can sig-
nificantly reduce major adverse CV events (MACEs),
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hospitalization for heart failure (HF), CV-related and
all-cause mortality, and renal outcomes [15-17]. Nota-
bly, non-T2D patients have also benefited from SGLTis,
improving HF and kidney-related endpoints [18, 19]. In
2015, the Empagliflozin Cardiovascular Outcome Event
Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG
OUTCOME) trial became the first study to address the
CV outcomes of SGLTis in T2D patients at high CV
risk. During the trial, 7020 patients received treatment
for a median duration of 3.1 years. The findings showed
that the Empagliflozin group exhibited a 38% decrease
in mortality from cardiovascular causes, a 35% reduc-
tion in HF hospitalization, and a 32% decline in all-cause
mortality compared to the placebo group [15]. Four sub-
sequent large cardiovascular outcome trials (CVOTs)
of SGLTis [Canagliflozin Cardiovascular Assessment
Study (CANVAS), Dapagliflozin Effect on Cardiovas-
cular Events-Thrombolysis In Myocardial Infarction 58
(DECLARE-TIMI 58), (Effect of Sotagliflozin on Car-
diovascular Events in Patients with Type 2 Diabetes Post
Worsening Heart Failure) SOLOIST-WHT, and (Effect
of Sotagliflozin on Cardiovascular and Renal Events in
Participants With Type 2 Diabetes and Moderate Renal
Impairment Who Are at Cardiovascular Risk) SCORED]
have exhibited a robust cardio-renal protective effect
in a substantial cohort of patients diagnosed with T2D
who are at elevated CV risk, in comparison to the pla-
cebo-administered group [16, 20-22]. In a meta-analy-
sis undertaken by Zhang et al., which involved 351,476
patients suffering from T2D, it was found that SGLTi
therapy resulted in substantial reductions in the risk of
major adverse cardiac events, all-cause mortality, CV
mortality, nonfatal MI, and hospitalization for HF [23].
Another meta-analysis of six SGLTis trials showcased a
reduction in the primary atherosclerotic cardiovascular
disease (ASCVD)-based composite of time to MACE.
Therefore, SGLT2 inhibitors (empagliflozin, canagliflo-
zin, dapagliflozin, ertugliflozin, or sotagliflozin) are rec-
ommended in the latest guidelines for patients with T2D
who have a combination of multiple ASCVD risk factors
or who have been diagnosed with ASCVD [24].
Furthermore, the Canagliflozin and Renal Events in
Diabetes with Established Nephropathy Clinical Evalua-
tion (CREDENCE) trial revealed groundbreaking results
indicating for the first time that SGLTis can decelerate
the advancement of chronic kidney disease (CKD) in
diabetic individuals. This trial particularly observed the
renal function of T2D patients who were administered
canagliflozin, demonstrating a significant 30% decrease
in the primary composite outcome of end-stage renal dis-
ease (ESRD) [25]. Another meta-analysis [26] included
11 CVOTs with data from 5 SGLTis (empagliflozin, cana-
gliflozin, dapagliflozin, ertugliflozin, and sotagliflozin)
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and 77,541 participants, which demonstrated that treat-
ment with SGLTis in patients with cardiometabolic dis-
ease and renal disease with SGLTis treatment moderately
reduced combined CV death or HF hospitalization and
significantly improved HF and CKD outcomes. In 2021,
the SOLOIST-WHEF trial revealed that sotagliflozin, an
SGLT1/2i, significantly reduced the relative risk (RR) of
the composite primary outcome (CV death, HF hospi-
talization, or HF emergency visit) by 33% compared with
placebo (hazard ratio [HR] 0.67; 95% confidence interval
[CI], 0.52-0.85) in individuals with diabetes and acute
decompensated HF [21]. Subsequently, Dapagliflozin
and Prevention of Adverse Outcomes in Heart Failure
(DAPA-HF) and Empagliflozin Outcome Trial in Patients
with Chronic Heart Failure with Reduced Ejection Frac-
tion (EMPEROR-Reduced) and other studies further
demonstrated the therapeutic effect of SGLTis. Spe-
cifically, both dapagliflozin and empagliflozin have been
shown to decrease the occurrence of HF exacerbations
and reduce the risk of CV mortality [19, 27]. Accordingly,
in the latest guidelines, SGLT2 inhibitors (dapagliflozin,
empagliflozin and sotagliflozin) are recommended for all
patients with HFrEF and T2D to reduce the risk of HF
hospitalization and CV mortality [24].

Extensive trials have provided strong evidence that
SGLTis significantly decrease the risk of major CV events,
HF hospitalizations, CV deaths, and renal outcomes.
This is especially true for people with diabetes who have
ASCVD, HF, and impaired renal function. Therefore, it
is necessary to explore the mechanisms through which
SGLTis provide significant protection to target organs.

Anti-inflammatory evidence of SGLT inhibitors
As previously elucidated, inflammation assumes a piv-
otal role in the genesis and advancement of diabetes,
consequently prompting a heightened scholarly inter-
est in novel therapeutic approaches directed towards
the mitigation of inflammation associated with diabetes.
Evidence from a series of studies suggests that the anti-
inflammatory effects of SGLTis may have an impor-
tant effect on inhibiting the progression of diabetes and
reducing the incidence of diabetic lesions and mortality.
Augmented concentrations of inflammatory biomark-
ers exhibit a correlative relationship with hyperglyce-
mia and insulin dysregulation, thus bearing potential
as predictive indicators for the onset of diabetes [28].
Numerous studies indicate that SGLTis can reduce the
expression and release of inflammatory biomarkers such
as IL-1B, IL-6, TNF-a, MCP-1, platelet endothelial cell
adhesion molecule-1 (PECAM-1), vascular cell adhesion
molecule-1 (VCAM-1), intercellular adhesion molecule-1
(ICAM-1) and CRP [29-32].
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Experimental evidence

Canagliflozin

A previous study demonstrated that canagliflozin
exerted anti-inflammatory effects in lipopolysaccha-
ride (LPS)-treated NIH mice. Canagliflozin (40 puM)
significantly repressed the expression and release of
TNF-a, IL-6, or IL-1 in LPS-induced RAW?264.7 and
THP-1 cells as well as in NIH mice, and these effects
were shown to be mediated by inhibition of intracellu-
lar glycolysis, enhancement of autophagy and promo-
tion of p62-mediated IL-1 degradation [33]. In a recent
study, Western blotting of inflammatory tissues from
the lungs of NIH mice showed that canagliflozin signifi-
cantly reduced the protein levels of NOD-, LRR- and
pyridine domain-containing protein 3 (NLRP3), IL-1,
and IL-18 and inhibited the phosphorylation of p65.
Furthermore, qPCR tests revealed that canagliflozin
caused changes in the mRNA levels of NLRP3, IL-1f,
and IL-18 [34].

Another study showed that canagliflozin significantly
reduced plasma concentrations of the inflammatory
biomarkers IL-6, IL-1 and TNF-a in a dose-dependent
manner in adenine-induced CKD rats. The concentra-
tions and activities of inflammatory biomarkers cor-
related with the severity of CKD and renal function
status, which may indicate that the beneficial effects of
canagliflozin on the affected kidney are related to its
anti-inflammatory effect [35]. During an experiment to
study the impact of canagliflozin on MASLD in obese
mice caused by a high-fat diet (HFD), it was found
that canagliflozin was able to suppress the production
of inflammatory biomarkers such as TNF-a, MCP-1,
IL-1B, and IL-6. It also resulted in a reduction in the
mRNA levels of these biomarkers in a dose-depend-
ent manner in hepatocytes induced by a lipid mixture
(LM) when compared to the effects of HFD administra-
tion alone [36]. The findings suggest that canagliflozin
may delay the onset of MASLD by suppressing inflam-
mation. In a separate study, male C57BL/6] mice fed
with HFD and treated with canagliflozin for 8 weeks
showed that, in addition to attenuating HFD-mediated
increases in body weight and visceral and subcutaneous
fat weights in mice, canagliflozin also demonstrated the
capacity to mitigate the elevation in mRNA expression
levels of the proinflammatory markers Ibal and Il6. In
addition, canagliflozin reduced the levels of inflamma-
tory biomarkers and inhibited macrophage aggregation
in the skeletal muscle of HFD-fed obese mice [37]. The
findings suggest that canagliflozin treatment can not
only stimulate caloric reduction but also inhibit obe-
sity-related inflammation in the nervous system and
skeletal muscle, thereby breaking the vicious cycle of
obesity and inflammation.
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Empaglifiozin

UHPLC-MS/MS analysis showed an increased amount
of branched-chain amino acids (BCAAs) in the reti-
nas of diabetic mice. However, this accumulation could
be inhibited by empagliflozin, especially at high doses.
Empagliflozin protects the retina of db/db mice from
inflammation, neovascularization and endothelial adhe-
sion [38].

Empagliflozin (3 or 10 mg/kg/d) reduced plasma
TNF-« levels and decreased the accumulation of M1-like
macrophages while inducing an anti-inflammatory M2
phenotype in white adipose tissue (WAT) and intrahe-
patic macrophages and attenuating the chronic inflam-
mation associated with obesity induced by a HFD in
obese C57BL/6] mice [39]. lannantuoni et al. found a sig-
nificant decrease in hypersensitive C reactive protein (hs-
CRP) levels in T2D patients after 24 weeks of treatment
with empagliflozin [8].

Empagliflozin has been elucidated to possess anti-
inflammatory attributes, as evidenced by its capacity to
inhibit the proliferation of T-helper (Th) cells, dimin-
ish the presence of factors associated with Th17, and
augment the functional characteristics of regulatory T
cells (Tregs) [40]. Another study also demonstrated that
empagliflozin ameliorated macrophage inflammation
by inhibiting the expression of cyclooxygenase (COX)-2
and the release of prostaglandin E2 (PGE2) and iNOS
genes in LPS-stimulated RAW 264.7 macrophages and
by decreasing the secretion and mRNA expression of
inflammatory biomarkers [TNF-a, IL-1B, IL-6, and
interferon(IFR)-y] [41].

Dapaglifiozin

A cohort comprising male C57BL/6 wild-type and db/db
mice, aged 12 weeks, was subjected to a 12-week inter-
vention regimen, with either dapagliflozin administered
at a dose of 1 mg/kg or an alternative drug. The outcomes
of this investigation revealed that dapagliflozin interven-
tion effectively attenuated the phosphorylation status of
the NF-kBp65 subunit in db/db mice. Furthermore, the
expression levels of COX-2, a downstream effector mol-
ecule subject to NF-«kB regulation, exhibited a significant
increase in the hepatic tissues of db/db mice. Neverthe-
less, dapagliflozin treatment yielded a substantial reduc-
tion in COX-2 expression levels in this context [42]. This
study suggests that dapagliflozin treatment may allevi-
ate metabolic dysfunction-associated steatohepatitis
(MASH) by reducing the inflammatory response through
inhibition of the NF-«B pathway.

Dapagliflozin (1.0 mg/kg/d) treatment of diabetic
ApoE—/— mice for 12 weeks led to a reduction in the
protein expression levels of NLRP3 and caspase-1 and an
inhibition of the release of mature IL-1 and IL-18. Thus,
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dapagliflozin attenuated the activation of NLRP3 inflam-
matory vesicles, which in turn reduced the secretion of
IL-1p and IL-18 in the livers of DM mice [43]. Another
study also found that dapagliflozin attenuates the inflam-
matory response to myocardial ischaemia/reperfusion
injury by reducing NLRP3 inflammatory vesicle-associ-
ated protein levels [44]. Streptozotocin (STZ)-induced
DM rats showed significantly increased levels of inflam-
matory biomarkers in cardiac tissues of the DM group
compared with the normal group. Following an 8 weeks
of treatment with dapagliflozin (1.0 mg/kg/d), the car-
diac tissues of rats belonging to the DM group exhibited
a substantial reduction in the levels of IL-1p and IL-6.
Additionally, there was an augmented immunostaining
observed for NF-kB/p56 [45].

Luseogliflozin

According to a study, luseogliflozin has demonstrated the
capacity to diminish the expression of inflammatory bio-
markers induced by transient episodes of hyperglycemia.
In nicotinamide and streptozotocin (NA/STZ)-treated
ApoE KO mice, luseogliflozin normalized the expres-
sion of various genes related to inflammation, including
F4/80, TNF-a, IL-6, IL-1B, PECAM-1,ICAM-1, matrix
metalloproteinase(MMP)2, and MMP9 [29].

Ipragliflozin

Ipragliflozin (0.1-3 mg/kg/d) dramatically inhibited the
increase in oxidative stress markers [protein carbonyls
and thiobarbituric acid reactive substances (TBARS)] and
inflammatory markers (TNF-a, IL-6, CRP, and MCP-1) in
the plasma and liver of NA/STZ-induced diabetic mice in
a dose-dependent manner [46]. The study suggests that
ipragliflozin may improve hepatic steatosis in diabetic
mice by reducing inflammation and oxidative stress.

Sotagliflozin

Diabetic patients are at higher risk of developing CV dis-
ease, and the SOLOIST-WHEF trial, published in 2021,
has shown that sotagliflozin has a significant CV benefit
in diabetic patients with recent worsening of HF [21].
The cardiorenal protective effect is likely to be attributed
to several potential mechanisms, and the anti-inflamma-
tory effect of Sotagliflozin may be one of the important
mechanisms. There is no experimental basis for studying
the direct anti-inflammatory effects of Sotagliflozin, and
further studies are needed.

Clinical evidence

Numerous clinical trials were undertaken with the pri-
mary objective of scrutinizing the impact of SGLTis
on pivotal inflammatory biomarkers. Within the
framework of the Efficacy and Safety of Canagliflozin
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Versus Glimepiride in Patients with Type 2 Diabe-
tes Inadequately Controlled with Metformin (CAN-
TATA-SU) study, a post hoc exploratory analysis was
undertaken to assess alterations in the levels of serum
biomarkers, including leptin, adiponectin, IL-6, TNEF-
a, CRP, plasminogen activator inhibitor-1 (PAI-1),
VCAM-1, and MCP-1, among patients with T2D over
a 52-week duration relative to their baseline values. The
results showed that by week 52, canagliflozin-treated
T2D patients had a 25% decrease in median serum leptin
and a 17% increase in median serum adiponectin com-
pared to patients taking glimepiride. There was also a
22% reduction in median serum IL-6 and a slight trend
towards a decrease in hs-CRP. These findings suggest that
canagliflozin may improve adipose tissue function and
have favorable effects on insulin sensitivity and CV dis-
ease risk [47]. Another prospective and open-label study
enrolled 35 diabetic and stable chronic cardiac patients
and revealed that canagliflozin treatment (100 mg/d for
12 months) resulted in a substantial decrease in hs-CRP
compared to baseline (3 months: p=0.002, 6 months:
p=0.001, 12 months: p=0.007) [48].

Ninety-five patients with T2D and coronary heart dis-
ease (male 41.05%, mean age 62.85+7.91 years, mean
HbAlc 7.89+0.96%) were randomized (1:1) to receive
empagliflozin (10 mg/day) or placebo. After 26 weeks,
individuals subjected to empagliflozin therapy exhibited
reduced levels of IL-6 (—1.06 pg/mL, 95% CI —1.80 to
—0.32, P=0.006), as well as lower levels of IL-1f and hs-
CRP (—4.58 pg/mL and —2.86 mg/L; P-values 0.32 and
0.003, respectively) compared to those who received the
placebo [49]. In a single-center, open-label, randomized,
prospective study of 51 diabetic patients taking empa-
gliflozin (10 mg/d for 12 months), hs-CRP levels in the
blood were significantly reduced compared to baseline
and placebo (—74.4% compared to placebo and —55.6%
compared to baseline) [50]. In addition, in an observa-
tional prospective follow-up study evaluating the effects
of empagliflozin on T2D inflammation, 15 diabetic
patients taking empagliflozin (10 mg/d) showed a signifi-
cant decrease in hs-CRP after 24 weeks of treatment and
a significant increase in levels of the anti-inflammatory
cytokine IL-10 after 24 weeks of treatment compared
to baseline and placebo [8]. These studies provide some
evidence for the anti-inflammatory properties of SGLTis
in humans, which may contribute to their beneficial CV
effects.

Anti-inflammatory mechanisms of SGLTis

Reduction of the expression of inflammatory biomarkers
T2D patients have increased plasma concentrations of
inflammatory biomarkers such as TNF-a, IL-1p, IL-6,
MCP-1, VCAM-1, ICAM-1 and PECAM-1, which are
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key components of the inflammatory signaling system
[29-32]. Prolonged elevation of the levels of these mole-
cules promotes IR in skeletal muscle as well as the release
of acute-phase proteins such as CRP released by the liver
[51]. Maintaining high levels of inflammatory biomark-
ers is robustly correlated with the progression of diabetes
and has been implicated as a pivotal contributory factor
in the pathogenesis of diabetic nephropathy, atheroscle-
rosis and other diabetes-related TOD.

Much experimental evidence has shown that SGLTis
can reduce the expression of circulating inflammatory
biomarkers. Xu et al. demonstrated that canagliflozin
(10-30 uM) exhibited a substantial reduction in mRNA
expression of IL-la and IL-6 and effectively restrained
the release of TNF-a in LPS-treated RAW?264.7 cells [33].
As previously delineated, in ApoE KO mice subjected to
NA/STZ treatment, the administration of luseogliflozin
resulted in a notable diminishment in the expression of
inflammation-associated genes, encompassing TNF-a,
IL-1B, IL-6, ICAM-1, PECAM-1, MMP2, and MMP9
[29].

Affect inflammatory signaling pathways

Promoting M2 macrophage polarization

It is widely acknowledged that there are two distinct
types of macrophages in the immune system: M1 and
M2 macrophages. M1 macrophages produce cytokines
including TNF-a, IL-1f and IL-6 which help sustain
chronic inflammation. Conversely, M2 macrophages have
anti-inflammatory and arterioprotective properties and
release substances such as IL-1 receptor agonists, IL-10,
and collagen [52]. In obese diabetic patients, adipose tis-
sue macrophages (ATMs) play a key role in promoting
inflammation and IR. This may extend to ectopic adipose
tissue around the vasculature and heart, leading to CV
pathology [53]. ATMs can be polarized into proinflam-
matory M1 macrophages and secrete several proinflam-
matory cytokines capable of disrupting insulin signaling,
including TNF-a and IL-6, thereby mediating systemic
chronic inflammation. Therefore, the differentiation of
macrophages towards an anti-inflammatory phenotype
can be considered a therapeutic strategy to ameliorate
chronic inflammation in diabetic patients and inhibit the
progression of diabetes and target-organ damage.

Several studies have shown that SGLTis promote M2
macrophage polarization, thereby alleviating inflamma-
tion. Xu et al. showed that empagliflozin increased M2
levels in WAT and decreased the release of M1-medi-
ated inflammatory biomarkers in a mouse model fed a
HFD [39]. Further studies have revealed that empagli-
flozin administration results in a decrease in M1 and an
increase in M2. This indicates that empagliflozin pro-
motes a shift towards an M2 macrophage phenotype
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and reduces T-cell accumulation in the WAT and liver,
thereby mitigating obesity-induced IR and inflammation
[54]. In addition, LPS-induced macrophages in humans
and mice showed an increase in the number of M1 iso-
forms and the M1/M2 ratio, an effect that was completely
reversed in a glucose-independent manner after dapa-
gliflozin treatment [55]. Canagliflozin repeated the same
results in LPS-induced mice and macrophages [56].

Inhibition of the NLRP3 inflammasome

The activation of NLRP3 inflammasome represents a piv-
otal molecular pathway involved in the orchestration of
inflammation, serving as the conduit for the release of
the proinflammatory biomarkers IL-1p and IL-18. This
process assumes significant relevance in the pathogenesis
of diabetic TOD [57]. Free fatty acids (FFA) and hyper-
glycemia have been demonstrated to activate the NLRP3
inflammasome in T2D [31].

Research investigations have revealed that SGLTis pos-
sess the capacity to impede the activation of the NLRP3
inflammasome. Presently, the suppressive impact of
SGLTi therapy on NLRP3 inflammasome activation has
been substantiated in both the heart and kidney [58].
The underlying mechanism entails the suppression of
inflammasome initiation via calcium-dependent path-
ways, resulting in attenuated transcription levels of
NLRP3, NF-kB, and caspase-1. In another study, Kim
et al. illustrated that empagliflozin elicited elevations
in serum beta-hydroxybutyric acid (BHB) concentra-
tions and concomitantly decreased insulin levels among
individuals afflicted with both T2D and CVD, without
regard to their glycemic status [59]. Birnbaum et al. fur-
ther elucidated that SGLTis exhibit inhibitory properties
against NLRP3 inflammasome activation, thereby dimin-
ishing the mRNA expression levels of the proinflam-
matory cytokines IL-1B, IL-6, and TNF-a in BTBR ob/
ob mice [60]. In murine models featuring STZ-induced
diabetes in ApoE(—/—) mice and rodent models of T2D,
empagliflozin exerts inhibitory effects on the IL-17A-in-
duced secretion of IL-1f and IL-18 via modulation of
the NLRP3/caspasel signaling pathway. Moreover, the
expression of IL-1P is reduced by inhibiting NF-«xB phos-
phorylation/NLRP3 signaling in human macrophages
[61]. Dapagliflozin has also been shown to inhibit IL-1p
expression through NLRP3/caspase 1 signaling [59].

AMPK activation

Adenosine 5’-monophosphate-activated protein kinase
(AMPK) is a serine/threonine kinase produced by acti-
vating energy pathways involved in regulating cell metab-
olism states [62, 63] and is the main regulator of cells and
metabolism in the body. AMPK fosters the restoration of
cellular energy equilibrium through the augmentation of
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adenosine triphosphate (ATP) synthesis and the concur-
rent reduction of ATP expenditure. This concerted action
engenders an elevated adenosine diphosphate (ADP)
ratio. The preservation of a heightened ATP/ADP ratio
stands as a pivotal prerequisite for ensuring cellular via-
bility [64].

Recent research findings have elucidated the partici-
pation of AMP-activated protein kinase (AMPK) in the
realm of inflammation, with a particular focus on its
role in the activation of the NLRP3 inflammasome. The
anti-inflammatory attributes of AMPK have been empiri-
cally evidenced in individuals with diabetes under met-
formin treatment. This is associated with the inhibition
of AMPK-mediated NLRP3 inflammasome activation
and the subsequent release of IL-1B [65]. Previous stud-
ies have linked SGLTis to AMPK activation [58, 66, 67].
SGLTis have shown anti-inflammatory effects by activat-
ing AMPK signaling in diabetes models. Dapagliflozin
can reduce NF-kB nuclear translocation in renal tubu-
lar human kidney-2 cells [68] and can also inhibit mice
NLRP3 activation of inflammation of the body and the
progression of diabetic nephropathy [60], which is medi-
ated by AMPK. An additional investigation elucidated
the anti-inflammatory properties of dapagliflozin in car-
diac fibroblasts derived from T2D mice. Notably, these
effects were ascribed to AMPK activation and occurred
independently of SGLT1 involvement [58]. Canagliflo-
zin induces AMPK activation in hepatocytes and HEK-
293 cells, and concurrently, it exerts inhibition upon
endothelial inflammatory biomarkers. This multifac-
eted mechanism involves both AMPK-dependent and
AMPK-independent pathways [66]. In a clinical trial, the
observed activation of AMPK at canagliflozin concen-
trations detected in human plasma was attributed to an
elevation in intracellular AMP or ADP levels, stemming
from the inhibition of mitochondrial respiratory chain
[66]. In addition, another study further demonstrated
that the activation of AMPK can blunt the inflammatory
process and replenish energy levels [69].

The mechanism by which AMPK is activated to medi-
ate anti-inflammatory effects may be due to the diminish-
ment of glucose levels by SGLTis. In both LPS-stimulated
in vitro and in vivo models, inflammatory biomarker lev-
els were reduced [33, 69] and M2 macrophage expression
was enhanced [69] after SGLTis were administered in an
AMPK-dependent manner.

Furthermore, AMPK assumes a pivotal role in the
modulation of autophagic processes and various other
physiological functions [70]. Autophagy is governed by
the intricate interplay of AMPK and the mammalian tar-
get of rapamycin (mTOR) signaling pathway [71]. In an
experimental murine model of hepatic disease, empagli-
flozin effectively reinstated disrupted autophagy flux by
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eliciting AMPK activation and mTOR inhibition, con-
comitant with a noteworthy reduction in the release of
IL-17 and IL-23 [72]. Dapagliflozin has additionally dem-
onstrated the capacity to ameliorate autophagy impair-
ments in rodent models afflicted with diabetes or obesity,
where the predominant regulatory mechanism is the
AMPK/mTOR signaling pathway [73].

Regulation of metabolic pathways

Reduction of hyperglycemia

SGLT2i reduce the threshold of renal glucose excre-
tion from approximately 10 mmol/L (180 mg/dL) to
2.2 mmol/L (40 mg/dL) [74]. The resultant elevation in
urinary glucose excretion leads to a reduction in blood
glucose levels. SGLT1i reduce the intestinal absorption
of dietary glucose and increase the release of glucagon-
like peptide-1, thereby improving glucose homeosta-
sis [75]. Similar to other antihyperglycemic drugs, this
drug can reduce hyperglycemic toxicity and improve the
inflammation associated with hyperglycemia. Since the
relationship between hyperglycemic toxicity and inflam-
mation is classical, the mechanism is not detailed here.

Reduction in plasma insulin levels

The anti-inflammatory efficacy of SGLTis may be mech-
anistically linked to their capacity to attenuate insulin
secretion. Experiments have shown that obesity-related
hyperinsulinemia leads to inflammation of fat tissue in
mice [76]. Hyperinsulinemia is postulated to be cor-
related with chronic low-grade inflammation in T2D
patients, which is related to its level and duration [77,
78]. A recent investigation has demonstrated that indi-
viduals undergoing treatment with SGLTis exhibited a
notable reduction in chronic low-grade inflammation,
such as reduced levels of the important inflammatory
biomarker IL-6, an effect that may be mediated by lower
insulin levels. Insulin amplifies glucose uptake by mac-
rophages, thereby reinforcing the proinflammatory state
through the engagement of insulin receptors, modulation
of glucose metabolism, and the generation of reactive
oxygen species [79]. SGLTis reduce blood glucose levels
due to its inhibition of reabsorption in the kidney, which
can lead to a decrease in systemic insulin levels. Dapagli-
flozin, a pharmacological agent known for its capacity to
diminish hyperinsulinemia while promoting weight loss,
has demonstrated the ability to augment insulin clear-
ance, consequently leading to a further decline in sys-
temic insulin concentrations [80].

Increase in beta-hydroxybutyrate levels

A salient attribute discerned in individuals afflicted by
diabetes receiving therapeutic intervention involving
SGLTis is the discernible augmentation in the presence
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of circulating ketone bodies within their physiological
milieu [81]. Ferannini et al. postulated that the glycosu-
ria induced by empagliflozin results in a reduced insulin-
to-glucagon ratio, thereby promoting increased hepatic
FFA oxidation, consequently leading to an upsurge in
circulating BHB levels [82]. In diabetic patients, SGLTis
can increase BHB levels up to 0.6 mmol/L [83]. BHB may
demonstrate anti-inflammatory attributes via its capac-
ity to inhibit the NLRP3 inflammasome, thereby result-
ing in a consequential diminishment in the synthesis of
inflammatory biomarkers [84]. Additionally, BHB may
serve as an epigenetic modifier. Multiple investigations
have underscored the regulatory influence of BHB on
the NLRP3 inflammasome. Youm et al. were the pio-
neering researchers to elucidate the influence of BHB
on the NLRP3 inflammasome and its concomitant IL-1f
secretion in both human macrophages and murine mod-
els [85]. Subsequently, Byrne et al. demonstrated that
high BHB inhibits NLRP3 inflammasome activation in
HF mice, reducing inflammatory biomarkers and mac-
rophage infiltration in cardiac tissue [86]. Another study
has shown that BHB serves as an endogenous and selec-
tive inhibitor of Class I histone deacetylases (HDACs:),
and high BHB can reduce various inflammatory bio-
markers by inhibiting histone pro-acetylases [81]. In
addition to these anti-inflammatory mechanisms, direct
epigenetic modification of adiponectin genomic protein
H3K9 by BHB is associated with a decrease in proinflam-
matory biomarkers in 3T3-L1 adipocytes [87]. Reports
supporting the hormetic action of ketone bodies have
shown that SGLTi therapy can induce the activity of
Nrf2, AMPK, and sirtuins, along with downregulation
of the NLRP3 inflammasome, thus providing significant
cardiac protection [88]. Hence, the suppression of the
NLRP3 inflammasome and HDACS:, or the augmentation
of adiponectin expression via the elevation of BHB, may
constitute contributory factors to the anti-inflammatory
mechanisms associated with SGLTis. Increased ketone
body production during SGLTi treatment is considered
to be a mechanism to prevent CV death and HF. On
the other hand, it has been shown that largely increased
ketone body concentrations may contribute to the devel-
opment of diabetic ketoacidosis [81].

Body weight and fat reduction

SGLTis have the potential to mitigate surplus adipose tis-
sue, a condition highly correlated with chronic low-grade
inflammation. The mechanism by which SGLTis cause
loss of adipose tissue cannot simply be explained by the
caloric loss caused by diabetes. Studies have shown that
in T2D patients, the diminished insulin-to-glucagon
ratio, instigated by the attenuation of plasma glucose lev-
els through the administration of SGLTis, can redirect
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energy metabolism towards increased utilization of fat,
augmented fatty acid oxidation, and heightened ketogen-
esis [53].

Excessive adiposity in individuals with T2D is marked
by the pronounced enlargement of WAT in the context
of escalated energy storage demands. This expansion is
coupled with compromised angiogenic processes, infil-
tration of macrophages, and a heightened state of inflam-
mation attributed to hypoxia and the apoptotic demise
of adipocytes [89]. Consequently, the process of adipose
tissue differentiation becomes compromised, predispos-
ing individuals to the accumulation of ectopic fat within
organs such as the heart and vasculature. In the context
of obesity, perivascular adipose tissue and epicardial adi-
pose tissue accumulate and release a spectrum of pro-
inflammatory mediators, such as leptin, resistin, and
various adipokines, while the production of adiponectin
experiences a decline [90]. A post hoc analysis of a clini-
cal trail involving canagliflozin and glimepiride revealed
that canagliflozin induced a 25% decrease in serum leptin
levels, accompanied by a 17% elevation in the concentra-
tions of adiponectin, an anti-inflammatory adipokine, in
comparison to the effects observed with glimepiride [47].
SGLTis-induced volume reduction and inflammation of
perivisceral adipose tissue may ameliorate cardiac fibro-
sis and glomerulosclerosis by reducing paracrine inflam-
matory effects on visceral organs, including the heart and
kidneys [91]. Significantly, SGLTis exhibit a pharmaco-
logical capacity to diminish epicardial adipose tissue, a
phenomenon linked to the mitigation of inflammation
and the suppression of the secretion of detrimental adi-
pokines. This effect can have a favorable impact on the
structural and functional aspects of the adjacent myo-
cardium [92]. A research study was conducted to assess
and compare the impact of dapagliflozin in comparison
to standard coronary treatment on the volume of epi-
cardial adipose tissue in a cohort comprising 40 indi-
viduals diagnosed with T2D concomitant with coronary
artery disease. Following a 6-month intervention period,
the group subjected to dapagliflozin exhibited a notable
decline in epicardial adipose tissue volume, concomitant
with a reduction in levels of TNF-a and PAI-1, compared
with the conventional treatment group [93]. Numer-
ous meta-analytic investigations encompassing clinical
trials involving patients diagnosed with T2D have con-
sistently demonstrated substantial reductions in body
weight subsequent to the administration of SGLTis [94,
95]. This phenomenon could potentially be associated
with heightened fat utilization, reduced adipose tissue
volume, and the conversion of white adipose tissue to a
more metabolically active state, thereby exacerbating the
attenuation of IR induced by obesity [96—100]. A recent
study showed that empagliflozin resulted in significant
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weight loss in elderly T2D patients with BMI>22 kg/m?,
primarily by reducing fat mass rather than muscle mass,
without affecting muscle mass or strength [101].

Reduction in plasma uric acid

Hyperuricaemia (HUA) is commonly seen in T2D
patients due to impaired renal excretion of uric acid (UA)
associated with IR and hyperinsulinaemia [102]. Uric acid
crystals can induce the secretion of the proinflammatory
cytokine IL-1p and activate the NLRP3 inflammasome
in macrophages and immune cells [103]. A study that
stimulated macrophages with UA showed that even the
soluble form of UA can activate this pathway [103]. Uric
acid crystals additionally serve as pro-oxidant entities,
diminishing the bioavailability of nitric oxide, amplifying
the generation of reactive oxygen species (ROS), and elic-
iting activation of the NF-kB and MAPK signaling path-
ways [104].UA levels are positively correlated with many
inflammatory biomarkers [105].

The EMPA-REG OUTCOME study [15] showed that
treatment with SGLTis can reduce circulating UA lev-
els. A subanalysis of the study investigated the corre-
lation between plasma UA levels and cardiac as well as
renal outcomes in patients with T2D. According to the
analysis, there seems to be a link between lower levels
of plasma UA and a decrease in HF hospitalizations and
CV mortality [106]. The latest study collected obser-
vational data on 15,067 adults diagnosed with gout and
T2D between 2014 and 2020. In the investigation, indi-
viduals who commenced treatment with SGLTis exhib-
ited a notably reduced recurrence rate in comparison to
those who initiated therapy with dipeptidyl peptidase-4
(DPP-4) inhibitors, quantified at 52.4 and 79.7 per 1000
person-years, respectively. Correspondingly, the RR and
rate difference (RD) for instances of gout-related primary
emergency department visits and hospitalizations were
0.52 (CI 0.32 to 0.84) and —3.4 (CI —5.8 to —0.9) per
1000 person-years, respectively. This study demonstrates
that SGLTis can provide significant benefits for gout in
T2D patients with gout [107].

Inhibition of oxidative stress

Strictly related to their anti-inflammatory properties,
SGLTis can also correct oxidative stress [108]. At pre-
sent, a body of empirical research has substantiated the
impact of SGLTis on oxidative stress. In diabetic rodent
models, ipragliflozin reduced the levels of oxidative stress
biomarkers (TBARS and protein carbonyls) in the plasma
and liver. Empagliflozin exerts the same effect in rat mod-
els of T1D and T2D [109]. Furthermore, diabetic patients
under treatment with canagliflozin displayed heightened
expression of SIRT-6 within atherosclerotic plaques,
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along with diminished indicators of oxidative stress and
inflammation [110].

Numerous studies have shown that excess ROS can
lead to activation of the NLRP3 inflammasome [111—
113]. An experimental study on dapagliflozin in experi-
mental steatohepatitis observed that dapagliflozin
significantly reduced ROS production in the liver tissues
of diabetic and nondiabetic mice. Subsequent examina-
tions revealed that diabetic mice subjected to dapagliflo-
zin treatment exhibited reduced protein expression levels
of NLRP3 and caspase-1, concomitant with suppressed
release of mature IL-1p and IL-18. Furthermore, dapagli-
flozin administration led to ameliorated steatohepatitis
in diabetic mice involved in an experimental steatohepa-
titis study, with this improvement being connected with
the attenuation of hepatic ROS and the modulation of
NLRP3 inflammasome activation by dapagliflozin [43].
It has been reported that SGLTi can reduce the inflam-
matory response in the kidneys of diabetic patients by
decreasing the expression of MCP-1, p65, Toll-like recep-
tor 4 and osteopontin. This suggests that SGLTis may
reduce oxidative damage in part by inhibiting inflamma-
tory responses in several pathways [108].

Discussion

T2D is strongly associated with comorbidities such as
obesity, MASLD, hypertension and dyslipidemia, as well
as with a variety of hyperglycemia-related TOD such as
CKD and HF. As a result, there is a constant need for
new drugs that can manage hyperglycemia and help with
the treatment of T2D-related TOD and comorbidities.
SGLTis, a novel oral antidiabetic agent, has revolution-
ized the comprehensive management of diabetic patients.
SGLTis have a wider role beyond controlling blood glu-
cose. A succession of sizable clinical investigations has
demonstrated that SGLTis can engender a noteworthy
cardiorenal protective effect, potentially through their
anti-inflammatory attributes, which appear to oper-
ate, at least in part, in a manner dissociated from blood
glucose regulation. This intriguing observation under-
scores the potential efficacy of SGLTis as a therapeu-
tic approach in mitigating cardiorenal complications in
diabetic patients. A mounting body of evidence derived
from diverse in vitro and in vivo investigations indicates
that SGLTis possess the capacity to effectively attenu-
ate the release of inflammatory markers and the mRNA
expression of proinflammatory cytokines, including but
not limited to TNF-a, IL-1p, IL-6, and MCP-1. They also
affect the inflammatory signaling pathway by activating
AMPK, inhibiting the activation of the NLRP3 inflam-
masome, and promoting the polarization of M2 mac-
rophages, thereby having a direct inhibitory effect on
the relevant inflammatory signaling system and overall
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Fig. 2 Mechanisms of the anti-inflammatory effects of SGLTis in diabetes. SGLTis can effectively reduce the levels of inflammatory markers
(including but not limited to TNF-q, IL-18, IL-6, MCP-1, and CRP), and affect the inflammatory signaling pathways by activating AMPK, inhibiting
the activation of NLRP3 inflammasome, and promoting the polarization of M2 macrophages, thereby directly inhibiting diabetic inflammation.
In addition, SGLTis also exert indirect anti-inflammatory effects by regulating various metabolic pathways, such as reducing hyperglycemia,

hyperinsulinemia, uric acid levels, body weight and excessive adipose tissue,

and increasing ketone body levels. There is a close interaction

between inflammation and oxidative stress, and the reduction of oxidative stress levels by SGLTis can alleviate the inflammatory process.

SGLTis, Sodium-glucose cotransporter inhibitors; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate;
AMPK, adenosine 5-monophosphate-activated protein kinase; mTOR, mechanistic target of rapamycin; NLRP3, NOD-, LRR- and pyridine
domain-containing protein 3; IL, Interleukin; TNF-a, Tumour necrosis factor-a; MCP-1, Monocyte chemoattractant protein-1; CRP, C-reactive protein;

Blue arrows, represent the normal signalling pathway;!, increase;!, decrease

anti-inflammatory effect. Regarding other anti-inflam-
matory mechanisms, SGLTis act as an anti-inflamma-
tory effect indirectly by modulating metabolic pathways,
including lowering adipose tissue inflammation, uric acid
levels, postprandial hyperglycemia and hyperinsulinemia,
as well as elevating ketone bodies (as depicted in Fig. 2).
There is a lack of relevant research evidence on the
anti-inflammatory effect of the SGLT1/2i sotagliflozin,
which is estimated to have the strongest anti-inflamma-
tory effect of SGLTis. This is because it inhibits not only
SGLT?2 but also SGLT1, which has a strong effect on the
gut and may have positive effects on gut bacteria and
hormones. This could be why it is the only SGLTis that
can reduce macrovascular events in patients with T2D

[21]. There is no disagreement that inflammation causes
atherosclerosis.

Nonetheless, contemporary investigations into the
impact of SGLTis on inflammation within cohorts
afflicted by associated disorders exhibit certain limita-
tions, notably the constraints imposed by small-scale
sample sizes. Significantly, additional clinical trials are
imperative to establish the causal relationship between
these anti-inflammatory effects and the observed reduc-
tions in the incidence of MACE, HF, CV mortality, and
the risk of renal outcomes, as evidenced in recent rand-
omized controlled trials employing SGLTis. In addition,
it is important to assess inflammatory biomarkers in spe-
cific organs and tissues of diabetic patients using SGLTis.
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This will help determine how SGLTis can directly con-
tribute to reducing diabetes-related TOD and mortality.
We are eagerly waiting for more findings to explore the
molecular mechanisms associated with the anti-inflam-
matory properties of SGLTis, which could be beneficial
in developing new drugs for the prevention and manage-
ment of T2D-related TOD.
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