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Abstract
Sodium–glucose cotransporter inhibitors (SGLT2i) are a new class of anti-diabetic drugs that have beneficial cardiovascular 
and renal effects. These drugs decrease proximal tubular glucose reabsorption and decrease blood glucose levels as a main 
anti-diabetic action. Furthermore, SGLT2i decreases glomerular hyperfiltration by a tubuloglomerular feedback mechanism. 
However, the renal benefits of these agents are independent of glucose-lowering and hemodynamic factors, and SGLT2i 
also impacts the kidney structure including kidney fibrosis. Renal fibrosis is a common pathway and pathological marker of 
virtually every type of chronic kidney disease (CKD), and amelioration of renal fibrosis is of utmost importance to reduce 
the progression of CKD. Recent studies have shown that SGLT2i impact many cellular processes including inflammation, 
hypoxia, oxidative stress, metabolic functions, and renin–angiotensin system (RAS) which all are related with kidney fibrosis. 
Indeed, most but not all studies showed that renal fibrosis was ameliorated by SGLT2i through the reduction of inflammation, 
hypoxia, oxidative stress, and RAS activation. In addition, less known effects on SGLT2i on klotho expression, capillary 
rarefaction, signal transducer and activator of transcription signaling and peptidylprolyl cis/trans isomerase (Pin1) levels may 
partly explain the anti-fibrotic effects of SGLT2i in kidneys. It is important to remember that some studies have not shown 
any beneficial effects of SGLT2i on kidney fibrosis. Given this background, in the current review, we have summarized the 
studies and pathophysiologic aspects of SGL2 inhibition on renal fibrosis in various CKD models and tried to explain the 
potential reasons for contrasting findings.
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Abbreviations
AGE  Advanced glycation end-products
AKI  Acute kidney injury
α-SMA  Alpha-smooth muscle actin
CKD  Chronic kidney disease
CTGF  Connective tissue growth factor
DKD  Diabetic kidney disease
DM  Diabetes mellitus
EMT  Epithelial-to-mesenchymal transition
EPO  Erythropoietin
FN  Fibronectin
GFR  Glomerular filtration rate
HIF  Hypoxia-inducible factor
IR  Ischemia–reperfusion
MMP  Matrix metalloproteinase
MCP-1  Monocyte chemoattractant protein-1
mTOR  Mammalian target of rapamycin
PDGFB  Platelet-derived growth factor subunit B
PHD  Prolyl hydroxylase domain
ROS  Reactive oxygen species
STAT   Signal transducer and activator of transcription
SGLT2i  Sodium–glucose cotransporter inhibitors
TIMP  Tissue inhibitor of metalloproteinase
TGF-β  Transforming growth factor β
TCA   Tricarboxylic acid
TIF  Tubulointerstitial fibrosis
T2D  Type 2 diabetes
UNx  Unilateral nephrectomy
UUO  Unilateral ureteric obstruction

Introduction

Sodium–glucose cotransporter inhibitors (SGLT2i) are a 
new class of anti-diabetic drugs. Randomized clinical studies 
have shown that SGLT2i has cardiovascular and renal pro-
tective effects [1–4]. Although the main anti-diabetic action 
of SGLT2i is to decrease glucose reabsorption in proximal 
tubules, the pleiotropic actions of SGLT2i are critical for 
cardio-renal protection. Indeed, studies showed that the ben-
eficial effects of SGLT2i were independent of blood glucose 
reduction and HbA1c [5, 6]. These drugs are also effec-
tive in patients with heart failure (HF) both with reduced 
ejection [2, 7] fraction and preserved ejection fraction [8]. 
Besides, SGLT2i improve estimated glomerular filtration 
rate (eGFR), kidney failure, and mortality independent of 
albuminuria. Thus, SGLT2i are recommended in patients 

with type 2 diabetes and chronic kidney disease (CKD) [1, 
9, 10]. Accordingly, the current KDIGO and ADA guide-
lines revised the threshold for initiation of SGLT2i therapy 
as eGFR > 20 mL/min/1.73  m2 instead of eGFR > 30 mL/
min/1.73  m2 [11].

In diabetic state, there is increased proximal tubule 
absorption of glucose and sodium by SGLT2. This leads 
to a decrease in the luminal sodium chloride concentration, 
which is sensed by macula densa via the tubule glomeru-
lar feedback (TGF) mechanism, leading to dilatation of the 
renal afferent arteriole and glomerular hyperfiltration [12]. 
Experimental studies in diabetic rats demonstrated that 
SGLT2i reduced glomerular capillary pressure through TGF 
[13]. It is important to note that glomerular hyperfiltration is 
not unique to diabetic kidney disease (DKD), but occurs as a 
compensatory mechanism (increased single nephron GFR) 
in all progressive renal diseases. Although this initial com-
pensation maintains the total GFR constant, the long-term 
consequences of mechanical stress induced by increased 
GFR are detrimental. High single nephron GFR damages 
the glomerular filtration barrier causing glomerulosclerosis 
and proteinuria, and eventually resulting in loss of remain-
ing nephrons and kidney fibrosis [14–16]. Accordingly, the 
reno-protective mechanisms of SGLT2i is not unique to 
DKD. Indeed, recent clinical trials have shown the reno-
protective effect of SGLT2i in non-diabetic kidney disease 
[9, 17]. Apart from these functional changes, SGLT2i-
induced favorable renal structural changes, which have not 
been fully elucidated yet, might explain long-term effects 
of these agents [4]. Regardless of the cause, renal fibrosis 
is a common pathway and pathological marker of virtually 
every type of CKD [18]. Recent preclinical (Table 1) and 
clinical (Table 2) studies have shown that SGLT2i might 
modify kidney fibrosis by a variety of mechanisms. Given 
this background, in the current review, we have summarized 
the studies regarding the impact of SGLT2i on renal fibrosis 
in various CKD models.

Mechanisms of kidney fibrosis influenced 
by sodium–glucose cotransporter inhibition

Hypoxia‑inducible factor, sodium–glucose 
cotransporter inhibition, and kidney fibrosis

As well known, hypoxia is a driver of tubulointerstitial 
fibrosis [19, 20]. Decreased hypoxia-inducible factor (HIF) 
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function by SGLT2i may be one of the protective mecha-
nisms for kidney fibrosis. Hypoxia may induce renal fibrosis 
by activating the HIF-1α/human epididymis protein 4 (HE4)/
nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) pathway [21]. Previously, it was suggested 
that there was a positive association between circulating 
HE4 and renal fibrosis [22, 23]. Huang et al. showed that 
dapagliflozin reduced HIF-1α, HE4, and NF-κB expressions 
along with decreased histologic kidney damage in contrast-
induced acute kidney injury (AKI) model [24]. Dapagliflo-
zin also decreased hypoxia-induced connective tissue growth 
factor (CTGF) and platelet-derived growth factor (PDGF) 
production, suggesting that its anti-fibrotic effects might 
be in direct connection with diminished hypoxia [25]. In 
diabetic mice HIF‐1α activation causes epithelial‐to‐mes-
enchymal transition (EMT), leading to tubulointerstitial 
injury and empagliflozin decreased renal fibrosis and EMT 
along with decreased HIF-1α [26]. In human proximal 
kidney 2 (HK-2) cells, HIF-1α expression is inhibited by 
SGLT2i during hypoxia [27, 28]. As SGLT2i decrease glu-
cose uptake by renal proximal tubular cells (RPTCs), they 
reduce oxygen consumption and decrease expression, and 
increase proteasomal degradation of HIF1α in RPTCs [29]. 
However, there are also contrasting findings. Although the 
above studies showed that high HIF-1α in tubular epithe-
lial cells contributes to renal fibrosis, HIF-1α stabilization 
by prolyl hydroxylase domain (PHD) inhibitors has shown 
favorable effects in ischemic kidney injury [30]. In strep-
tozotocin (STZ)-induced diabetic mice, HIF-1α deficiency 
was related to more severe renal fibrosis and glomerular 
hypertrophy [31]. The reasons for these different findings 
are not exactly known, but the amount and duration of HIF 
activation may be an explanation. Indeed, it was suggested 
that the protective effect of HIF on the kidney occurs in 
AKI, but long-term permanent activation may be detrimental 
resulting in chronic inflammation, fibrosis, and extracellu-
lar matrix accumulation [32]. For example, after a 30 min 
period of ischemia, there is severe AKI in mice which exhib-
its a significant delay in the HIF response, compared to mice 
with mild AKI which elicits fast HIF response. In the group 
with a delayed response; HIF-1α and HIF-2α activation were 
inappropriately sustained with severe ischemia–reperfusion 
injury (IRI) leading to maladaptive renal repair and acute 
kidney injury (AKI) and that activation remained upregu-
lated 4 weeks after injury. In contrast, HIF response in the 
mild AKI group, i.e., adaptive repair group, returned to nor-
mal levels well before 4 weeks [33]. Thus, it is probable that 
although acute short-term physiological HIF activation may 
be beneficial, persistent HIF activation may be detrimental in 
long term. In fact, there appears to be a time-dependent tran-
sition in the pattern of HIF activation from renal tubular epi-
thelia and capillary endothelia to renal interstitial fibroblasts 
during chronic maladaptive renal repair resulting in renal 

fibrosis [34]. Thus, the role of HIF activation in fibrogenesis 
may be context specific (e.g., IRI), duration specific (acute 
vs. chronic) or amount specific (high vs. low dose HIF). 
Furthermore, as SGLT2i shift tubular glucose and sodium 
absorption from the proximal tubule to the outer medulla, 
where SGLT1 partially compensates for SGLT2 blockade, 
cortical oxygen tension is expected to increase at the expanse 
of lower medullary oxygen levels. This will, in turn, increase 
HIF signaling in the medulla, which stimulates erythropoi-
etin (EPO) release and increases hematocrit [35]. In this 
regard, SGLT2 inhibition may be a double-edged sword to 
medullary oxygenation, and whether final outcome of med-
ullary hypoxia is adverse or favorable to overall kidney func-
tion is unknown [32]. Furthermore, the impact of SGLT2 
inhibition during AKI and CKD may operate via different 
mechanisms (Fig. 1). Thus, it is not hundred percent clear 
whether HIF-1α has a detrimental or protective effect in the 
context of CKD, and future research is needed to obtain a 
deeper understanding of HIF in kidney fibrosis.

Inflammation, sodium–glucose cotransporter 
inhibition, and kidney fibrosis

In chronic kidney disease, there is increased pro-inflam-
matory markers and decreased anti-inflammatory markers 
favoring a chronic inflammatory state [36]. SGLT2i have 
many anti-inflammatory effects in kidney (Fig. 2). NLR 
family pyrin domain containing 3 (NLRP3) is one of the 
most important inflammatory mediator overactivated in 
CKD [37] and associated with kidney fibrosis [38]. Benetti 
et al. showed that empagliflozin decreased NLRP3 activa-
tion in the kidney and liver induced by a high-fat–high-
sugar diet [39]. In IRI-induced fibrosis model, dapagli-
flozin prevented activation of NLRP3 inflammasome and 
increased anti-inflammatory metabolite itaconate and 
protected kidney against fibrosis [40]. It was suggested 
that β-hydroxybutyrate—a type of ketone body—inhibits 
NLRP3 activation [41]. As SGLT2i promote the elevation of 
ketone bodies, this may be another mechanism to explain the 
reno-protective role of SGLT2i. In rats with experimentally 
induced DM, increased tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β), and interleukin-6 (IL-6) levels were 
counterbalanced by empagliflozin [42]. Wang et al. showed 
that SGLT2i decrease macrophage infiltration, p65 subunit 
of NF-kB toll-like receptor 4 (TLR4), monocyte chemotactic 
protein 1 (MCP-1) and osteopontin in diabetic db/db mice 
[43]; which are in compliance with the findings of Tang et al. 
[44]. In diabetic mice, dapagliflozin inhibited pro-inflamma-
tory macrophage (M1 type) infiltration, CD11c (a marker 
of M1 type macrophages), and CD14 expressions in the 
renal cortex with no effect on CD206 (specific for the anti-
inflammatory (M2) subtype of macrophages). Both in the 
glomeruli and interstitial space, immunoperoxidase staining 
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showed increased F4/80, a marker for M1 macrophages, 
which was reduced by dapagliflozin [45]. In high-fed mice, 
ipragliflozin treatment suppressed the ratio of M1-type 
(CD11c + CD206- cells) to M2-type tissue macrophages 
(CD11c-CD206 + cells) in peri-renal fat tissue [46]. In Akita 
mice, dapagliflozin decreased macrophage infiltration into 
glomeruli and interstitium, and decreased transforming 
growth factor β (TGF-β), C–C motif chemokine ligand 2 
(CCL2), osteopontin, and intercellular adhesion molecule 
1 (ICAM-1) expressions [47]. In streptozotocin-induced 
diabetic rats, empagliflozin reduced receptor for advanced 
glycation end-products (RAGE) gene and protein expres-
sions, M1 macrophage infiltration (F4/80), and expression 
of pro-fibrotic markers such as MCP-1, ICAM‐1, TGF‐β, 
and CTGF, which are AGE–RAGE signaling [48]. In renal 
proximal tubular cells exposed to high glucose, dapagliflo-
zin inhibited high mobility group box 1 (HMGB1)/RAGE/
NFκB signaling pathway, leading to attenuation inflam-
matory (downregulation of ICAM‐1, MCP‐1, and NF‐κB 
mRNA levels) and fibrosis (decreased fibronectin and col-
lagen I mRNA) markers [49]. Abbas et al. demonstrated that 

empagliflozin decreased NF-κB activation in the unilateral 
ureteric obstruction (UUO) model of nephropathy [50], 
which plays an important role in renal fibrosis and fibroblast 
activation [51]. Furthermore, empagliflozin decreased TLR4 
expression, which is involved in NF-κB-mediated inflam-
mation [52]. In a clinical study using the transcriptomics 
approach, Heerspink et al. demonstrated that compared with 
glimepiride, canagliflozin (300 mg/day) decreased plasma 
levels of TNF receptor 1 and IL-6 during 2 years of follow-
up [53].

Oxidative stress, sodium–glucose cotransporter 
inhibition, and kidney fibrosis

Increased oxidative stress is one of the hallmarks of CKD. In 
a rat model of diabetic nephropathy, Wu et al. showed that 
the activities of superoxide dismutase (SOD), glutathione 
peroxidase (GSH) in the diabetic nephropathy group were 
decreased and the levels of malondialdehyde (MDA) and 
nitric oxide (NO) were increased compared to controls. 
However, after treatment with empagliflozin, the activities 

Fig. 1  The inhibition of sodium–glucose cotransport 2 during acute 
kidney injury (AKI) and chronic kidney disease may activate differ-
ent mechanisms. During AKI, sodium–glucose cotransport 2 inhibi-
tors (SGLT2i) impair proximal sodium and glucose reabsorption from 
the proximal tubule which results in decreased ATP consumption and 
increased oxygen tension in proximal tubular cells. This in turn shifts 
sodium glucose reabsorption to distal parts of the proximal tubule 
close to the medulla which SGLT1 plays a major role in reabsorption. 
The increased need for reabsorption in distal parts necessitates more 
energy consumption which results in a decrease in ATP and oxygen 
tension in the medulla. This in turn decreased hypoxia-inducible fac-

tor-2 alpha (HIF-2α) degradation resulting in increased EPO secretion 
and increased hematocrit levels. The net balance between hypoxia 
and increased hematocrit will determine whether the final outcome 
of medullary hypoxia is adverse or beneficial to overall kidney func-
tion. In chronic kidney disease, there is persistent hypoxia leading 
to chronic HIF-1α activation. Chronic HIF-1 activation induces kid-
ney fibrosis by a variety of mechanisms including increased human 
epididymis protein 4 (HE4), connective tissue growth factor (CTGF), 
and epithelial-to-mesenchymal transition (EMT). SGLT2 inhibition 
during CKD decreases tissue hypoxia and kidney fibrosis may inhibit 
HE4, CTGF, and EMT downstream



60 B. Afsar, R. E. Afsar 

1 3

of SOD and GSH increased and the levels of MDA and 
NO decreased [42]. These findings are important since the 
increase in reactive oxygen species (ROS) triggers inflam-
mation, endothelial dysfunction, increases expression of 
TGF-β1, and induces renal fibrosis [54]. In a diabetic (db/
db) mice model, dapagliflozin decreased oxidative stress 
and ROS production (both 0.1 mg/kg and 1 mg/kg doses) 
and decreased the number of apoptotic cells and the expres-
sions of the pro-apoptotic factors, Caspase-12 and Bax [45]. 
Tang et al. showed that in db/db diabetic mice, dapagliflozin 
decreased Nox4, Nox2, and its regulatory subunit p47phox. 
Furthermore, thiobarbituric acid reactive substances 
(TBARS) levels, which show the level of lipid peroxidation, 
were also decreased by dapagliflozin [44]. In Akita mice, 
dapagliflozin decreased Nox4 both in vivo and in vitro along 
with decreased apoptosis [47]. In proximal tubular epithe-
lial cells, high glucose increased superoxide and hydrogen 
peroxide generation, oxidative stress-dependent TRAF3IP2 
upregulation, NF-κB, and p38 MAPK activation, which was 
inhibited by empagliflozin [55]. In New Zealand obese mice 
with a high-fat diet, canagliflozin ameliorated hyperglyce-
mia-associated augmentation of urinary 8-isoprostane levels 
[56]. Ipragliflozin and 30% calorie restriction almost nor-
malized the oxidized glutathione levels in the renal cortex of 

BTBR ob/ob diabetic mice as shown by mass spectrometry 
[57].

Metabolism, sodium–glucose cotransporter 
inhibition, and kidney fibrosis

SGLT2i has many metabolic effects, the most prominent one 
is shifting glucose to free fatty acid utilization (Fig. 3) [58]. 
Decreased toxic lipid metabolites in mesangial cells, podo-
cytes, and proximal tubular reduce oxidative stress, endo-
plasmic reticulum stress, and pro-inflammatory processes 
[59]. SGLT2i increase ketone body formation via starvation-
like response including activation of sirtuin1/activated pro-
tein kinase and adenosine monophosphate-activated protein 
kinase (AMPK) signaling and inhibition of protein kinase B 
(AKT)/mammalian target of rapamycin (mTOR) signaling 
[13, 60–62]. Increased lipid toxicity produces ROS, which 
induces inflammatory mediators and damages renal tubular 
epithelial cells. Furthermore, deficient lipophagy increases 
tubular lipid deposition and increased fibrosis in diabetic 
nephropathy [63]. Zhang et al. showed that empagliflozin 
decreased lipid accumulation in renal tubular cells which 
is associated with decreased fibrosis. Additionally, empa-
gliflozin reduced lipid expression and showed reduced lipid 

Fig. 2  Sodium–glucose cotransport 2 inhibitors (SGLT2i) exert many 
anti-inflammatory effects which ameliorate kidney fibrosis. They 
increase ketone body formation including β-hydroxybutyrate which 
inhibits the Nod-like receptor family and pyrin domain containing 3 
(NLRP3) inflammasome. SGLT2i decreases macrophage infiltration 
to the kidney and decreases the pro-inflammatory (M1)/anti-inflam-
matory (M2) macrophage ratio. They decrease many inflammatory 

pathways and molecules including nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), toll-like recep-
tors (TLRs), monocyte chemotactic protein 1 (MCP-1), intercellular 
adhesion molecule 1 (ICAM-1), and advanced glycation end-products 
(AGE)–RAGE signaling
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droplet activity [64]. Thus, decreasing lipid toxicity may be 
another favorable mechanism of SGLT2i.

The impact of SGLT2i on the tricarboxylic acid (TCA) 
cycle is also worth mentioning. Ke et al. showed that TCA 
cycle metabolites were accumulated, NLRP3 inflamma-
some, mTOR/HIF-1α signaling were increased in the IRI-
induced fibrosis model in mice compared to sham, all of 
which are strikingly blocked by dapagliflozin. Authors 
suggest that TCA cycle metabolites accumulate due to 
decreased metabolic processes in the fibrotic kidney. How-
ever, dapagliflozin boosted TCA cycle derivative itaconate 
by decreasing isocitrate dehydrogenase 2 and increasing 
immune-responsive gene 1 and mitochondrial citrate 
carrier. RNA sequence data showed that dapagliflozin 
tended to restore decreased TCA cycle enzymes including 
α-ketoglutarate dehydrogenase, succinate dehydrogenase, 
fumarase, and malate dehydrogenase. Furthermore, ita-
conate prevented activation of the NLRP3 inflammasome 
and protected the kidney against fibrosis. These findings 
identify a novel mechanism coupling inflammation and 
metabolism for reno-protection of SGLT2 inhibition for 
kidney fibrosis and CKD. The accumulation of lipid drop-
lets in renal tubules was markedly attenuated by dapagli-
flozin treatment. These changes were associated with a 
decrease in NLRP3 inflammasome activation [40]. Ding 
et al. demonstrated that STZ-induced CD1 mice showed 
aberrant glycolysis (indicated by hexokinase 2 induc-
tion, and pyruvate kinase isozyme M2 dimer formation, 

increased fructose-6-phosphate, glucose-6-phosphate 
(G6P), and phosphofructokinase) and decreased Sirt3 
levels associated with EMT and kidney fibrosis. Empagli-
flozin and canagliflozin normalized these changes. These 
findings are important since inhibition of glycolysis has 
been demonstrated to be a relevant strategy for inhibiting 
kidney fibrosis [65].

Activation of AMPK, which is an important energy sen-
sor of the cell, is also activated by SGLT2 inhibition. Inoue 
et al. showed that canagliflozin activated AMPK in the kid-
ney and reduced the expression of fibrotic and inflamma-
tory markers such as collagen I, CTGF, F4/80, TGF‐β, and 
MCP‐1 [66]. Supporting these findings, empagliflozin treat-
ment restored phosphorylated AMPK levels in renal proxi-
mal tubular cells and increased autophagy markers Beclin1 
and LC3II by decreasing mTOR activation [67]. SGLT2i 
also exerts anti-fibrotic effects via post-translational modi-
fication. Post-translational O-GlcNAcylation, which induces 
O-linked N-acetylglucosamine (O-GlcNAc) is a known 
contributor to glucose toxicity in diabetes, and increased 
O-GlcNAcylation increases fibrotic signaling in kidneys 
[68]. Hodrea et al. showed that dapagliflozin reduced O-Glc-
NAcylation resulting in decreased fibrosis in streptozotocin-
induced type 1 diabetes in adult male Wistar rats [25].

Last but not the least, SGLT2i may decrease endoplasmic 
reticulum (ER) stress by downregulating key ER stress mark-
ers such as phosphorylated eukaryotic initiation factor‐2α 
(peIF2α), activating transcription factor 4 (ATF4), and C/

Fig. 3  Sodium–glucose cotrans-
port 2 inhibitors (SGLT2i) 
have many beneficial metabolic 
effects that retards kidney 
fibrosis. They block glucose 
entry to tubular cells and inhibit 
glycolysis. They simultaneously 
increase free fatty acid oxida-
tion and ketone body formation 
resulting in decreased toxic lipid 
accumulation in proximal tubu-
lar cells resulting in decreased 
inflammation, and oxidative and 
endoplasmic reticulum (ER) 
stress. They regulate the tricar-
boxylic acid (TCA) cycle and 
decrease TCA cycle metabolites 
in renal proximal tubular cells. 
SGLT2i restore autophagy 
markers Beclin‐1 and LC3‐II 
and retard kidney fibrosis
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EBP homologous protein (CHOP; an ER‐stress induced 
apoptotic marker), and the apoptotic marker Caspase 3 [69, 
70], both of which are associated with kidney fibrosis [71].

Renin–angiotensin system: sodium–glucose 
cotransporter inhibition and kidney fibrosis

SGLT2i may impact differently on the systemic renin–angi-
otensin system (RAS) depending on whether inhibition is 
acute or occurs in the context of CKD, when RAS is already 
activated (Fig. 4). Not only systemic RAS, but more impor-
tantly local RAS activates fibrotic pathways in the kid-
ney [72]. Indeed, the anti-fibrotic actions of angiotensin 
II (AngII) type 1 receptor (AT1R) antagonism [73] and 
angiotensin-converting enzyme (ACE) inhibition [74] have 
been already demonstrated in murine models of UUO and 
progressive renal fibrosis. Furthermore, RAS inhibition has 
already been shown to reduce renal fibrosis in DKD [75–77]. 
On the other hand, AngII type 2 receptor (AT2R) agonism, 
which has opposite actions to classical AT1R receptor is pro-
tective against kidney fibrosis [78]. The pro-fibrotic action 
of RAS activation is suggested to be due to the exacerba-
tion of renal inflammation [79, 80], induction of abnormal 
autophagy [81], increase in the synthesis of TGF‐β [82], 
and increased collagen synthesis [83]. There is now clinical 
evidence suggesting that RAS activation is blunted when 
SGLT2i is used. In Otsuka Long-Evans Tokushima Fatty 
(OLETF) rats, 12 weeks of dapagliflozin reduced urinary 
AngII and angiotensinogen levels, and AT1R expression in 
a model of T2D with DKD [84]. In New Zealand obese mice 
with a high-fat diet, canagliflozin decreased the expression 
of renal angiotensinogen [56]. In non-diabetic patients with 

nephrotic range proteinuria, SGLT2 is positively associ-
ated with angiotensinogen, renin, and ACE mRNA levels. 
The same study showed that in proximal HK-2 cells, acute 
but not chronic (4 week) AngII stimulated SGLT2 expres-
sion in a dose-dependent manner. Incubation of HK-2 cells 
with losartan (AT1R antagonist) abolished the effects of 
AngII, indicating that AngII stimulates SGLT2 expres-
sion via AT1R [85]. In contrast, Gallo et al. showed that 
both plasma and intra-renal renin activity is increased after 
10 weeks of empagliflozin treatment in a diabetic model of 
db/db mice without change in intra-renal AngII levels [86]. 
In patients with type 2 diabetes, 12 weeks of dapagliflozin 
(10 mg/day), resulted in increased plasma renin activity and 
aldosterone levels, possibly due to reduced plasma volume 
[87]. The study by Tanaka et al. showed that canagliflozin 
did not change plasma aldosterone levels despite increased 
plasma renin activity and urine volume [88]. In OLETF rats, 
empagliflozin treatment was associated with an increase in 
urinary angiotensinogen excretion [89]. These contradictory 
fındings may be of concern given the fact that in CKD and 
DKD, there is already activated RAS. However, the rise of 
renin activity seems to be transient. In a retrospective study 
performed in patients with type 2 diabetes, Sawamura et al. 
showed that there was no change in plasma renin activity and 
plasma aldosterone levels receiving SGLT2i for 2–6 months 
[90]. As SGLT2i decrease glucose load in proximal tubules 
and increase glucose load in distal tubules, the impact of 
SGLT2i on the RAS system may differ in proximal and distal 
tubules. The contradictory effects of SGLT2i on proximal 
(decreased RAS activation) and distal tubules (increased 
RAS activation) may compensate each other with resultant 
non-significant changes in intra-renal RAS [29]. However, 

Fig. 4  The inhibition of SGLT2 
may impact differently on the 
systemic renin–angiotensin 
system (RAS) depending on 
whether inhibition is acute or 
occurs in the context of CKD 
when RAS is already activated. 
When SGLT2i given, they cause 
mild hypovolemia which results 
in increased temporary renin–
angiotensin system activation 
(RAS) which is normalized in 
the 2–6-month period. During 
chronic kidney disease (CKD), 
there is already local kidney 
RAS activation and SGLT2i in 
CKD decreases local kidney 
RAS activation resulting in 
kidney fibrosis
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more studies are warranted to understand the systemic and 
intra-renal RAS in the context of SGLT2 inhibition.

Other potential mechanisms related sodium–
glucose cotransporter inhibition and kidney fibrosis

The interaction with uric acid (UA) and SGLT2i is a con-
cern for renal fibrosis. Increased UA levels were related to 
increased renal fibrosis [91]. SGLT2i reduce plasma UA by 
increased renal urate elimination by competition of extra 
glucose for the urate transporter GLUT9 and decreased UA 
levels [92, 93]. Uric acid excretion by SGLT2i was linked to 
urinary glucose excretion and is attenuated during the con-
comitant pharmacologic blockade of urate transporter 1 [94]. 
SGLT2i may repress tubulointerstitial fibrosis by influencing 
signal transducer and activator of transcription-1 (STAT-1) 
activity. STAT1 plays a role in high glucose-induced oxida-
tive stress and expression of TGF-β1, as well as the produc-
tion of the extra-cellular matrix proteins collagen IV and 
fibronectin. Concurrently, high glucose activates STAT1 
and TGF β and is involved in tubulointerstitial fibrosis. It 
was shown that dapagliflozin suppressed pro-fibrotic factors 
STAT1 and TGF-β1 both in vivo (measured by mRNA in 
tubulointerstitium compartment of the renal biopsy cores) 
and in vitro (in cultured renal proximal cells) independent 
of glucose-lowering effect [95].

Decreased klotho expression has been suggested as a risk 
factor for the development of kidney fibrosis and hyperten-
sion [96]. Zhou et al. showed that klotho ameliorates kidney 
injury and fibrosis, and normalizes blood pressure by target-
ing the RAS [97]. In a model of UUO, Abbas et al. showed 
that prophylactic administration of empagliflozin increased 
klotho expression in both immediate and delayed treatment 
groups, which was decreased by UUO. Authors suggested 
that by increasing klotho, empagliflozin may be potentially 
protective against kidney fibrosis [50].

Renal fibrosis was associated with capillary rarefaction 
and the role of SGLT2i on capillary rarefaction deserves 
mention. Zhang et al. investigated the effect of luseogliflozin 
on capillary rarefaction in AKI induced by ischemia–reper-
fusion. They showed that IRI decreased CD31, an endothe-
lial marker. Luseogliflozin treatment attenuated CD31-pos-
itive cell loss, suggesting a protective role for endothelial 
cells. The decline of CD31 during IR is also associated 
with increased hypoxia, and luseogliflozin treatment ame-
liorated hypoxia as determined by pimonidazole staining. 
NG2, an activated pericyte marker, was also decreased by 
luseogliflozin treatment suggesting that luseogliflozin ame-
liorated IRI-induced renal capillary rarefaction and detach-
ment of pericytes from endothelial cells [98], both of which 
were implicated in the development of renal interstitial 
fibrosis [99]. Moreover, luseogliflozin decreased capillary 

rarefaction and maintained the capillary network by increas-
ing the vascular endothelial growth factor (VEGF)-A level 
[98].

Another potential anti-fibrotic action of canagliflozin may 
be due to the suppression peptidylprolyl cis/trans isomerase 
(Pin 1). Pin 1 previously has been shown to play a role in 
tubulointerstitial fibrosis [100]. Inoue et al. showed that in 
type 2 diabetic model mice, Pin1 expression increased along 
with fibrosis, but Pin1 protein levels were normalized by 
canagliflozin [66].

Perspectives and conclusion

As the above discussion suggests, most, but not all, studies 
showed that SGLT2i are potentially protective against kid-
ney fibrosis, a common pathway for progressive CKD. How-
ever, there are also contrasting findings. Liu et al. showed 
that in patients with type 2 diabetes and stage 3 CKD, ertug-
liflozin (5 or 15 mg/d) did not reduce fibrosis markers, such 
as PDGF-AA and PDGF-AB/BB [101]. In oxalate-induced 
nephrocalcinosis, empagliflozin did not have any protective 
effect against renal fibrosis, and did not decrease α-smooth 
muscle actin and collagen 1 staining, and mRNA levels of 
fibronectin-1, collagen 1a1, fibroblast-specific protein-1, and 
TGF-β2 expressions. Authors suggest that the reno-protec-
tive effects of SGLT2i in DK do not occur in non-diabetic 
oxalate-induced nephrocalcinosis, a form of progressive 
CKD driven by primary tubulointerstitial injury [102]. One 
potential explanation is that renal anti-fibrotic effects medi-
ated by the SGLT2i empagliflozin are ambiguous, might 
depend on the presence of type 2 diabetes, and/or are indi-
rect consequences of the primary metabolic/hemodynamic 
action in the long term [103]. Similarly, in 5/6 (subtotal) 
nephrectomized rats, dapagliflozin has no protective effect 
on glomerulosclerosis, tubulointerstitial fibrosis, or overex-
pression of the pro-fibrotic cytokine, TGF-ß1 [104]. Further-
more, Vallon et al. demonstrated that TGF-β and renal colla-
gen expression, as determined by Sirius red binding, was not 
ameliorated in diabetic Akita mice [105]. In male C57BL/6 
Enos knockout mice, empagliflozin did not decrease tubu-
lar atrophy, or tubulointerstitial fibrosis in streptozotocin-
induced DM [106]. Why are the results conflicting? The 
exact answer is not known, but SGLT2i may impact many 
processes (HIF, inflammation, oxidative stress, metabolism, 
RAS). Besides, the impact of SGLT2 inhibition on some 
biological pathways (e.g., HIF, RAS) is not consistent and 
somewhat controversial. The type of experimental design, 
the duration of SGLT2 inhibition (acute vs. chronic), the 
time of administration (prophylactic, immediate or delayed), 
the dosage (low vs. high dose), and variable drug actions in 
different species may be responsible for these diverse find-
ings. Unfortunately, the clinical data are scarce and most of 
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the studies are based on in vitro and in vivo experiments. 
The direct extrapolation of experimental findings to humans 
may be problematic and specific studies should be planned 
to investigate the anti-fibrotic effects of SGLT2i on kidney 
fibrosis in humans.

There is also controversy about whether the anti-
fibrotic effects of SGLT2i are independent of TGF. Zeng 
et al. showed that the anti-fibrotic action of empagliflozin 
is independent of the TGF mechanism [107]. However, 
Tauber et al. demonstrated that empagliflozin did not have 
any protective effects against kidney fibrosis in the unine-
phrectomy/high salt/doca model, and since functional TGF 
mechanism is necessary to reduce chronic hyperfiltration 
and protect against glomerular damage, albuminuria, and 
fibrosis, authors suggested TGF may not be working prop-
erly in these animals [108].

Last but not the least, most of the results are from animal 
studies. Besides, assessment of kidney fibrosis necessitates 
renal biopsy, which might not be feasible just to determine 
whether SGLT2i decreased renal fibrosis. Thus, it is impor-
tant to remember that the animal data may not be directly 
translated into clinical data. However, it is advisable that 
specific interest could be given to assess whether SGLT2i 
would decrease renal fibrosis at least in patients for whom 
renal biopsy was performed for other reasons.

In conclusion, SGLT2 inhibition seems to be a promising 
alternative to retard kidney fibrosis by influencing a variety 
of mechanisms. Although human data are scarce, most of the 
experimental studies showed favorable effects in ameliorat-
ing kidney fibrosis. As direct extrapolation of experimental 
animal data to humans may be problematic, studies are war-
ranted to investigate whether SGLT2i are protective against 
kidney fibrosis, which is a final common pathway for all 
kinds of CKD progression.
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