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Clinical trials with sodium–glucose cotransporter 2 (SGLT2) inhibitors (empagliflozin,

dapagliflozin, and canagliflozin) have shown a decrease in the progression of chronic

kidney disease (CKD). SGLT2 inhibitors represent a new category of oral antidiabetic

agents that can also reduce systolic and diastolic blood pressure, as well as serum uric

acid, and improve the glomerular filtration rate. Apart from affecting renal

hemodynamics and glycotoxicity, evidence suggests that SGLT2 inhibitors may be

renoprotective due to their effects on inflammation in renal tissues. Inflammatory

responses play a prominent role in the pathophysiology of CKD as several structural

and functional disorders of renal failure are strongly related to the overproduction of

proinflammatory mediators. The present review discusses the anti‐inflammatory

properties of SGLT2 inhibitors. The different molecular pathways through which

SGLT2 inhibitors may affect inflammation in the kidneys are also commented upon.
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1 | INTRODUCTION

1.1 | Physiology of sodium–glucose cotransporters
(SGLTs)

In the physiological and nondiabetic state, about 180 g/day of glucose

are filtered by renal glomeruli (assuming 100mg/dl of glucose in the

plasma and 180 L of filtration per day). Almost all of this glucose is

reabsorbed by different active and passive transporting mechanisms;

hence, there is no glucose in the excreted urine in the healthy state.

Passive glucose reabsorption is accomplished via a concentration

gradient across the cell membrane. However, active reabsorption is

performed by sodium–glucose cotransporters (SGLTs; Kalra, 2014).

In renal tissues, six isoforms of SGLTs are present, with sodium–

glucose cotransporter 1 (SGLT1) and sodium–glucose cotransporter

2 (SGLT2) being the most important in active glucose reabsorption.

Although SGLT1 is responsible for about 10% of active renal glucose

reabsorption, SGLT2 accounts for the remaining 90% of glucose

reabsorption (Chao, 2014).
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Mainly located in the brush border of S1 and S2 segments of the

renal proximal tubule, SGLT2 is an active protein that is naturally

encoded by the SLC5A2 gene (Kalra, 2014). It transports glucose via a

sodium‐dependent mechanism. In this pathway, glucose is cotran-

sported by sodium across the luminal membrane by the SGLT2

protein, and then diffuses out of the cell, facilitated by glucose

transporter 2 (GLUT2; Kalra, 2014; Figure 1).

1.2 | SGLT2 inhibitors

SGLT2 inhibitors represent a new antidiabetic drug category that

reduce renal tubular absorption of glucose, thus enhancing glycosuria

and resulting in blood glucose lowering and improved glycemic

control (Vallon, 2015). Apart from glucose reduction, SGLT2

inhibitors may beneficially affect several cardiometabolic risk factors,

such as body weight, blood pressure, uric acid, fat distribution,

arterial stiffness, and vascular resistance, as well as cardiac

metabolism, function, and hemodynamics (Athyros, Katsiki, &

Karagiannis, 2016; Kaplan et al., 2018; Katsiki, Athyros, & Mikhailidis,

2017; Katsiki, Mikhailidis, & Theodorakis, 2017; Katsiki, Purrello,

Tsioufis, & Mikhailidis, 2017; Mamakou et al., 2017; Tikkanen,

Chilton, & Johansen, 2016; Upadhyay et al., 2018;).

The multicenter Empagliflozin, Cardiovascular Outcomes, and Mor-

tality in Type 2 Diabetes (EMPA‐REG OUTCOME) trial, the first

cardiovascular (CV) outcome study with an SGLT2 inhibitor to be

published, showed that empagliflozin significantly decreased (by 14%) the

composite endpoint of CV morbidity and mortality, as well as

hospitalization for heart failure (HF; by 35%), and total and CV mortality

(by 32% and 38%, respectively) compared with placebo in patients with

type 2 diabetes mellitus (T2DM) and established cardiovascular disease

(CVD; Tikkanen et al., 2016). A subsequent analysis of this trial reported

empagliflozin‐induced significant risk reductions in incident or worsening

nephropathy (by 39%), doubling of serum creatinine (by 44%), and

reduction in the potential for renal replacement (by 55%), thus

highlighting the benefits of empagliflozin in the prevention or delay of

kidney disease progression (Wanner et al., 2016). Canagliflozin, another

SGLT2 inhibitor, was also reported to significantly reduce the composite

endpoint of CV morbidity and mortality (by 14%), hospitalizations for HF

(by 33%), progression of albuminuria (by 27%), and the need for renal

replacement therapy and death from end‐stage renal disease by (40%) in

T2DM patients (Mamakou et al., 2017). However, canagliflozin doubled

the risk of amputations and increased the rate of bone fractures, adverse

events that were not observed with empagliflozin (Inzucchi, Iliev, Pfarr, &

Zinman, 2018). The CV outcome study of dapagliflozin, that is, the

Dapagliflozin Effect on CardiovascuLAR Events (DECLARE) trial, is still

ongoing (https://clinicaltrials.gov/ct2/show/NCT01730534), but there are

other data supporting CV and renal benefits with dapagliflozin (Sonesson,

Johansson, Johnsson, & Gause‐Nilsson, 2016). For example, Leiter et al.

(2014) showed that dapagliflozin improves glycemic control and reduces

CV incidence in T2DM patients. Also, Dziuba et al. (2014) reported that

dapagliflozin therapy in T2DM subjects was strongly related to fewer

undesirable CV outcomes as well as fewer diabetes‐induced micro-

vascular complications. The primary and secondary outcomes of the

EMPA‐REG, Canagliflozin Cardiovascular Assessment Study, and

DECLARE clinical trials are summarized in Table 1.
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F IGURE 1 Schematic representation of SGLT2 activity in the

renal proximal tubule [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Major clinical trials using sodium–glucose cotransporter inhibitors

Trial name Primary endpoint Secondary endpoints

CANVAS Composite of cardiovascular death, nonfatal

myocardial infarction, or nonfatal stroke.

Secondary outcomes included heart failure hospitalization

and a renal composite (40% reduction in eGFR, renal

replacement therapy, or renal death).

EMPA‐REG Composite of death from cardiovascular causes,

nonfatal myocardial infarction (excluding silent

myocardial infarction), or nonfatal stroke.

Composite of the primary outcome plus hospitalization for

unstable angina.

Composite microvascular outcome that included the first

occurrence of any of the following: the initiation of retinal

photocoagulation, vitreous hemorrhage, diabetes‐related
blindness, or incident or worsening nephropathy.

DECLARE (on

going)

Time to first event included in the composite endpoint

of CV death, MI or ischemic stroke
1. Time to first event of renal composite endpoint:

Confirmed sustained ≥40% decrease in eGFR to eGFR

< 60ml/min/1.73m2 and/or ESRD and/or renal or CV

death

2. Time to all‐cause mortality (time frame: up to 6 years).

CANVAS, Canagliflozin Cardiovascular Assessment Study; CV, cardiovascular; DECLARE, Dapagliflozin Effect on CardiovascuLAR Events; EMPA‐REG,
Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes; ESRD, end‐stage renal disease; eGFR, estimated glomerular filtration rate; MI,

myocardial infarction.

https://clinicaltrials.gov/ct2/show/NCT01730534


The global prevalence of chronic kidney disease (CKD) is rapidly

growing (Hill et al., 2016) due to multifactorial causes that involve

several molecular mechanisms (Arora & Singh, 2013; Kanwar, Sun,

Xie, Liu, & Chen, 2011; Yaribeygi, Farrokhi, Rezaee, & Sahebkar,

2018). Vascular inflammation plays a prominent role in the

pathophysiology of CKD (Semeraro et al., 2015). Proinflammatory

cytokine production and release are augmented during the initiation

and progression phases of CKD (Navarro‐González, Mora‐Fernández,
De Fuentes, & García‐Pérez, 2011). Markers of renal injury in CKD

patients, such as albuminuria, glomerular hyperfiltration (in the early

stages of renal failure), renal vessel stenosis and estimated

glomerular filtration rate reduction due to a decrease in the

glomerular filtration area and impairment in the filtration barrier

function, are related to increased inflammation in the kidneys

(Duran‐Salgado & Rubio‐Guerra, 2014; Navarro‐González et al.,

2011). Therefore, studies have focused on the prevention and/or the

management of the inflammatory responses in the renal tissue

(Chawla, Chawla, & Jaggi, 2016; Donate‐Correa, Martín‐Núñez,

Muros‐de‐Fuentes, Mora‐Fernández, & Navarro‐González, 2015;

Yaribeygi, Mohammadi, Rezaee, & Sahebkar, 2018). SGLT2 inhibitors

have been reported to have renoprotective properties as well as anti‐
inflammatory effects in different tissues (Ojima, Matsui, Nishino,

Nakamura, & Yamagishi, 2015; Pollack, Donath, LeRoith, & Leibowitz,

2016). However, there is a paucity of data on the anti‐inflammatory

actions of SGLT2 inhibition in the prevention of inflammatory

responses in the kidneys.

In the current study, we review the latest findings on the effects

of SGLT2 inhibitors in modifying inflammatory responses and discuss

whether these therapeutic agents can decrease the underlying

inflammation contributing toward the pathogenesis of CKD.

1.3 | The role of inflammatory cytokines in CKD:
The “inflammatory hypothesis”

There are a number of molecular pathways underlying the

pathogenesis of CKD, with inflammatory responses being the most

prominent (Navarro‐González et al., 2011; Zheng, Powell, Zheng,

Kantharidis, & Gnudi, 2016). Several lines of evidence indicate that

proinflammatory cytokines and inflammatory mediators, such as

interleukins, macrophage chemotactic protein‐1 (MCP‐1), tumor

necrosis factor‐α (TNF‐α), transforming growth factor‐β (TGF‐β),
E‐selectin, chemokines, adhesion molecules, and interferon‐v (INF‐γ),
are overproduced in CKD, thus contributing toward disease devel-

opment and progression (Figure 2; Donate‐Correa et al., 2015;

Garibotto, Carta, Picciotto, Viazzi, & Verzola, 2017; Navarro‐
González et al., 2011). Furthermore, the activity of macrophages

and monocytes, as inflammatory effectors, is enhanced during the

development of CKD (Navarro‐González et al., 2011). Consequently,

an “inflammatory hypothesis” has been proposed for CKD patho-

physiology (Navarro‐González et al., 2011).

Inflammatory mediators induce leukocyte infiltration into renal

tissues and recruit monocytes and macrophages to the kidneys,

thus further intensifying the inflammatory response by increasing

free radical generation and, consequently, oxidative stress in renal

cells; inducing endothelial cell apoptosis; enhancing endothelial cell

permeability; impairing the filtration barrier function leading to

microalbuminuria and proteinuria; promoting mesangial cell pro-

liferation and mesangial expansion (a key marker of CKD); and

inducing the proliferation of smooth muscle cells of the renal

vasculature (Barutta, Bruno, Grimaldi, & Gruden, 2015; Duran‐
Salgado & Rubio‐Guerra, 2014; Navarro‐González et al., 2011;

Zheng et al., 2016). The inflammatory mediators are generated by

different sources, such as activated leukocytes, endothelial and

mesangial cells, adipocytes, and T cells (Lim & Tesch, 2012; Lin

et al., 2012; Wada & Makino, 2013). In addition, some pathological

conditions, such as oxidative stress and insulin resistance, can

stimulate the production of proinflammatory molecules (Elmarakby

& Sullivan, 2012).

1.4 | Sodium–glucose cotransporters

SGLTs are proteins located predominantly in the renal proximal

tubules and are actively involved in the reabsorption of filtrated

glucose (Yamazaki, Harada, & Tokuyama, 2018). As mentioned

above, SGLT2s are responsible for about 90% of glucose reabsorp-

tion in the proximal tubules and are mainly located in the brush

border of the proximal tubules (Vallon, 2015). They actively

transport glucose, together with sodium, in a 1:1 ratio across the

brush border of the luminal surface (Vallon, 2015). Glucose is then

transported out of the cell into the blood stream by GLUT2 (Kanai,

Lee, You, Brown, & Hediger, 1994). In healthy individuals, glucose is

not excreted into the urine due to its full reabsorption from filtrate

by SGLTs (Poulsen, Fenton, & Rieg, 2015). Glucose reabsorption

increases with increasing glucose concentration by up to almost

11 mmol/L (198 mg/dl), at which level, the maximal reabsorption

rate is reached and no more glucose can be reabsorbed and thus
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glycosuria occurs (Poudel, 2013). This process becomes maladap-

tive in T2DM and glycosuria is observed at a substantially higher

(>11 mmol/L) glucose concentration threshold (Poudel, 2013).

This defective glucose handling from the kidneys via the SGLTs

(and mainly the SGLT2s) plays an essential role in the pathogenesis

of T2DM. However, in the case of SGLTs inhibition, the glucose

reuptake mechanism is impaired and, consequently, a large

proportion of the glucose in the filtrate is excreted in the urine

(Poulsen et al., 2015). This mechanism can lead to blood glucose

normalization in T2DM (Heerspink, Perkins, Fitchett, Husain, &

Cherney, 2016).

1.5 | Anti‐inflammatory effects of SGLT2 inhibitors

SGLT2 inhibitors have been reported to exert anti‐inflammatory

effects in experimental models of diabetic nephropathy (Ojima

et al., 2015). These antidiabetic agents may reduce proinflamma-

tory mediators either via direct effects on their expression or

release or indirectly by affecting oxidative balance, hemodynamics,

hyperglycemia‐induced cytokines production, the renin–angioten-

sin system (RAS) activation, immune system function, and obesity‐
related inflammation (Satirapoj, 2017).

1.6 | Direct influences of SGLT2 inhibitors on
inflammatory responses

SGLT2 inhibition can directly decrease proinflammatory mediator

expression or suppress their release. In this context, empagliflozin

inhibited the gene expression of MCP‐1 and TGF‐β in an experi-

mental model of diabetic nephropathy (Hill et al., 2016). Further-

more, in animal studies, empagliflozin reduced the mRNA expression

and circulating levels of MCP‐1, interleukin‐6 (IL‐6), and TNF‐α in

aortic plaques and adipose tissue (Han et al., 2017), as well as nuclear

factor κB (NF‐κB) and IL‐6 levels in renal tissues (Vallon et al., 2013).

Similarly, dapagliflozin downregulated the expression of TNF‐α, IL‐6,
and C‐reactive protein (CRP) in hepatic cells and adipocytes of

diabetic mice (Liao et al., 2016).

A mutual interaction between SGLT2 inhibitors and proinflamma-

tory cytokines has also been reported, whereby proinflammatory

cytokines can stimulate SGLT2 expression in diabetic kidneys. In this

context, Maldonado‐Cervantes et al. (2012) showed that IL‐6 and TNF‐α
upregulated SGLT2 expression in kidney epithelial cells. Therefore,

modulation of SGLT2 activity may attenuate inflammatory responses,

partly by disrupting the perpetual cycle of hyperglycemia and SGLT2

expression that leads to inflammatory mediator expression.

1.7 | Indirect influences of SGLT2 inhibitors on
inflammatory responses

There is scant literature on the anti‐inflammatory effects of SGLT2

inhibitors in the renal tissue. SGLT2 inhibitors may suppress

inflammatory responses in the kidney by the following mechanisms

(Table 2):

1. Modulation of RAS activity.

2. Hemodynamic changes.

3. Attenuation of obesity‐induced inflammation.

4. Modulation of immune system function.

5. Readjustment of the redox state.

1.8 | Modulation of RAS activity

RAS activation is a major upstream event in the proinflammatory

mediator generation (Husain, Hernandez, Ansari, & Ferder, 2015).

Angiotensin II, the main effector of this potent system, can induce the

generation of various adhesion molecules, integrins, inflammatory

cytokines, growth factors, and profibrotic mediators by several

pathways, such as activation of redox‐sensitive pathways and
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TABLE 2 Sodium–glucose cotransporter 2 (SGLT2) inhibitors may modify inflammatory responses in renal cells by different molecular

pathways

Mechanisms Potential effects References

Anti‐inflammatory effects of

SGLT2 inhibitors on renal

cells

Modulation of the renin–

angiotensin system (RAS)

activity

Decrease in RAS activity Li et al. (2017), Shin et al. (2016),

Fioretto et al. (2016)

Hemodynamic changes Readjustment of micro/

macrovascular renal blood flow

Vallon et al. (2013), Takenaka (2015),

Mora‐Gutiérrez
(2017), Stanton (2014)

Attenuation of obesity‐
induced inflammation

Lowering of available circulatory

carbohydrates, leading to less

lipogenesis and fat tissue‐
dependent cytokine production

Bochud et al. (2009), Jung (2014),

Sawada (2017)

Modulation of the immune

system function

Suppression of innate/adaptive

immune system activity

Jafar et al. (2016), Esposito (2002),

Cheng (2016)

Readjustment of the redox

state

Improvement of oxidative balance,

thus suppressing cytokine

generation

Guzik and Touyz (2017), Domingueti

et al. (2016), Reuter et al. (2010)



upregulation of various transcription factors (Marchesi, Paradis, &

Schiffrin, 2008). Furthermore, angiotensin II is a potent vasocon-

strictor and plays a central role in the vascular inflammation

responses in diabetic kidneys (Matavelli, Zatz, & Siragy, 2015). Thus,

angiotensin II is considered to be a main mediator of inflammation in

CKD (Nair, Ebenezer, Saini, & Francis, 2015).

Data on the direct effects of SGLT2 inhibitors on the RAS system

are lacking (Li et al., 2017). Dapagliflozin was shown to suppress the

renal RAS component in an experimental model of diabetic

nephropathy (Shin et al., 2016). However, in another study, the

SGLT2 inhibitor TA‐1887 did not activate the intrarenal RAS system

(Li et al., 2017). In T2DM patients, empagliflozin did not affect plasma

renin or serum aldosterone levels (Heise et al., 2016). Further studies

are needed to elucidate the effects, if any, of SGLT2 inhibitors on the

RAS system, whereas canagliflozin was reported to increase plasma

renin activity (Tanaka et al., 2017). Therefore, further research is

needed to elucidate the impact of SGLT2 inhibitors on the RAS

system.

1.9 | Hemodynamic changes

Systemic–intrarenal hemodynamic changes that occur during the

development of CKD are an upstream event for renal inflammation

(Duran‐Salgado & Rubio‐Guerra, 2014). Evidence suggests that

micro/macrovascular renal blood flow deteriorates in T2DM patients,

especially in the glomerulus, and contributes toward renal hyperfil-

tration (Škrtić et al., 2015). Renal hyperfiltration is a well‐recognized
feature of CKD, triggered in the early stages of disease development

(Takenaka, Inoue, & Watanabe, 2015). Although renal hemodynamic

variations are commonly related to vascular changes and blood

pressure, hyperglycemia is a major underlying cause (Mora‐Gutiérrez
et al., 2017). SGLT2 inhibitors normalize hyperglycemia, thus

beneficially affecting renal hemodynamics (Fioretto, Zambon, Rossa-

to, Busetto, & Vettor, 2016) and, subsequently, improving renal

inflammation (Vallon et al., 2013). Another mechanism by which

SGLT2 inhibitors can reduce renal hyperfiltration involves the

increased sodium delivery at the macula densa with the subsequent

activation of tubuloglomerular feedback, leading to increases in the

afferent arteriolar tone and reduction in intraglomerular pressure

(van Bommel et al., 2017; Weir, 2016). SGLT2 inhibition has also

been shown to prevent renal hyperfiltration by lowering blood

pressure and glomerular size as well as suppressing renal growth

factors (Stanton, 2014; Vallon et al., 2013).

1.10 | Attenuation of obesity‐induced
inflammation

Low‐grade chronic inflammation is associated with obesity

(Subasinghe, Wark, Gorelik, Callegari, & Garland, 2017). Proinflamma-

tory mediators and inflammatory responses are linked to metabolic

disorders and are upregulated in obese patients (Subasinghe et al.,

2017). In this context, CRP was shown to be upregulated in the

adipose tissue of obese women (Bochud et al., 2009). The same effect

was also observed in obese men in whom obesity was associated with

higher levels of CRP (Ladwig, Marten‐Mittag, Löwel, Döring, & Koenig,

2003). It is suggested that dysregulated production or secretion of

adipokines (i.e., cytokines originating from adipocytes) can enhance

inflammatory responses and contribute toward the development of

obesity‐related metabolic diseases (Jung & Choi, 2014).

As mentioned above, SGLT2 inhibitors enhance glycosuria by

inhibiting renal glucose reabsorption, thus decreasing available

carbohydrates for hepatic lipogenesis, subsequently resulting in

weight loss and a decreased total mass of adipose tissue (Rosenstock

et al., 2014). Since there is a direct relationship between total

adipose tissue mass and the amount of proinflammatory mediators, a

lower adipose tissue mass reflects less storage space for proin-

flammatory mediators and thus results in a reduced inflammatory

response (Xu et al., 2017). Consequently, SGLT2 inhibitors can

prevent the development of CKD by improving the inflammatory

status. In this context, empagliflozin was shown to shift energy

metabolism by promoting fat utilization and browning as well as to

inhibit the accumulation of proinflammatory macrophages in obese

mice (Mora‐Gutiérrez et al., 2017). Canagliflozin also suppressed

obesity‐related inflammatory markers in mice (Naznin et al., 2017).

1.11 | Modulation of immune system function

Innate immune system activation is a prominent marker of

inflammation and oxidative stress (Xiao et al., 2015). Although there

is a lack of evidence for the effects of SGLT2 inhibition on immune

responses, reports have demonstrated that hyperglycemia can

acutely increase proinflammatory cytokines and exert deleterious

effects on the immune system (Jafar, Edriss, & Nugent, 2016).

Therefore, SGLT2 inhibition may beneficially affect the immune

system via reduction of hyperglycemia and oxidative stress (see

below).

1.12 | Readjustment of the redox state

Redox state imbalance favors the development of oxidative stress,

which is strongly associated with increased production of inflammatory

mediators (Domingueti et al., 2016; Guzik & Touyz, 2017). Free radicals

can activate a variety of transcription factors, including hypoxia‐
inducible factor 1‐α, p53, NF‐κB, β‐catenin–Wnt, activator protein 1,

peroxisome proliferator‐activated receptor γ, and nuclear factor

(erythroid‐derived 2)‐like 2, which, in turn, can lead to the expression

of various chemokines and inflammatory cytokines (Reuter, Gupta,

Chaturvedi, & Aggarwal, 2010). Therefore, readjustment of the redox

state by reducing oxidative stress is an attractive target to modulate

inflammatory responses (Denis et al., 2015). SGLT2 inhibitors have been

shown to markedly decrease oxidative stress via several mechanisms,

including improvements in glucose homeostasis, pro‐oxidant enzyme

expression, advanced glycation end products (AGEs) production, and

mitochondrial function (Hatanaka et al., 2016; Ishibashi, Matsui, &

Yamagishi, 2016). In this context, Kawanami et al. (2017) demonstrated

that SGLT2 inhibition may be related to lower oxidative damage by

YARIBEYGI ET AL. | 5



suppressing NADP(H) oxidase expression. Ojima et al. (2015) reported

that empagliflozin minimized oxidative damage by reducing AGE

generation and suppressing the AGEs/RAGE (receptor for advanced

glycation end products) axis. Furthermore, empagliflozin was shown to

decrease markers of oxidative stress in both the circulation and the

aorta of diabetic mice (Oelze et al., 2014) as well as in the mitochondria

of cardiac endothelial cells (Zhou et al., 2018). Dapagliflozin reduced the

gene expression of oxidative stress on the kidney of diabetic mice (Lin

et al., 2012). Furthermore, dapagliflozin and canagliflozin were shown to

have antioxidant properties in T2DM patients (Matsumura et al., 2017;

Shigiyama et al., 2017). Further studies are needed to establish the

effects of SGLT2 inhibitors on the oxidative stress balance in T2DM

patients.

2 | CONCLUSION

Several clinical studies have confirmed the utility of SGLT2 inhibitors

in the treatment of T2DM patients with benefits (i.e., cardiorenal)

beyond glucose control. Inflammation plays a fundamental role in the

pathophysiology of CKD, thus ameliorating the inflammatory

response is a major therapeutic goal. SGLT2 inhibitors seem to have

additional pleiotropic anti‐inflammatory properties mediated through

distinct molecular mechanisms by both direct and indirect effects.

Future studies may further elucidate the effects of SGLT2 inhibitors

on inflammation. Further, any mechanism of action that reduces

blood pressure and decreases albuminuria can also be considered to

have the potential for moderating nephrogenic inflammation.
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