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Abstract
Type 2 diabetes mellitus (DM2) is a chronic condition that affects more than 400 million individuals worldwide. In DM2 
patients, an appropriate glycemic control slows the onset and delays the progression of all its micro and macrovascular 
complications. Even though there are several glucose-lowering drugs, only approximately half of patients achieve glycemic 
control, while undesirable adverse effects (e.g., low serum glucose) normally affect treatment. Therefore, there is a need for 
new types of treatments. Sodium-glucose cotransporter 2 inhibitors (SGLT2i) have just been developed for treating DM2. 
Renal hyperfiltration as a marker of increased intraglomerular pressure in diabetic patients, and the role of renin–angioten-
sin–aldosterone system (RAAS) in this phenomenon have been studied. Nevertheless, RAAS blockade does not completely 
reduce hyperfiltration or diabetic renal damage. In this sense, the contribution of renal tubular factors to the hyperfiltration 
state, including sodium–glucose cotransporter (SGLT), has been currently studied. SGLT2i reduce proximal tubular sodium 
reabsorption, therefore increasing distal sodium delivery to the macula densa, causing tubule-glomerular feedback activa-
tion, afferent vasoconstriction, and reduced hyperfiltration in animal models. In humans, SGLT2i was recently shown to 
reduce hyperfiltration in normotensive, normoalbuminuric patients suffering from type 1 diabetes mellitus. In DM2 clinical 
trials, SGLT2 is associated with significant hyperfiltration and albuminuria reduction. The aim of this article is to compile 
the information regarding SGLT2i drugs, emphasizing its mechanism of renal repercussion.
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Glucose renal physiology

The main role of the kidney is to maintain the Internal 
Milieu balance through filtration, and the selective secretion 
and reabsorption of electrolytes, hydrogen, and bicarbonate. 
Glucose is also filtered and reabsorbed to maintain energy 
for the body functioning between meals. This occurs in the 
proximal tubule and it is mediated by two carriers: SGLT1 

and SGLT2 [1–4]. The kidney contributes to glucose home-
ostasis by three different mechanisms: release of glucose 
into the circulation via gluconeogenesis; uptake of glucose 
from the bloodstream to satisfy its energy needs; and glucose 
reabsorption into the intravascular compartment (IVC) from 
glomerular filtrate (GF) to preserve it [5]. Under normal cir-
cumstances, despite daily fluctuations in the glucose deliv-
ery rate into the IVC (e.g., meals, exercise, etc.), glycemia 
is kept within a relatively narrow range throughout the day 
[4, 5]. The regulation of glycemia is mainly determined by 
hormonal and neural factors. In this sense, insulin, glucagon, 
and catecholamines are the main regulators. Insulin inhibits 
glucose release in both the liver and kidney through a direct 
enzyme activation/deactivation mechanism, as well as by 
decreasing gluconeogenic substrates availability and gluco-
neogenic inducer activity. Although glucagon has no renal 
effect, it enhances both hepatic gluconeogenesis and gly-
cogenolysis. Catecholamines normally have a direct effect 
on renal glucose release only; however, they may indirectly 
affect both hepatic and renal glucose release by increasing 
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the gluconeogenic substrate availability, glucagon secretion, 
and suppressing insulin release [5]. On the other hand, a 
group of counter-regulatory hormones: growth hormone, 
thyroid hormone and cortisol, as well as catecholamines, 
have long-term stimulatory influences on hepatic glucose 
release, by modifying the hepatic, renal, adipose tissue and 
muscular sensitivity to insulin, glucagon, and catechola-
mines, and by altering the glycogen stores and gluconeo-
genesis [5, 6] After prolong overnight fast, glucose, which 
comes from hepatic glycogenolysis and hepatic–renal glu-
coneogenesis, is released into the IVC [5]. The release of 
endogenous glucose decreases by 61% after meal ingestion 
to inhibit the development of postprandial hyperglycemia. 
Liver gluconeogenesis reduces by 82% and the synthesized 
glucose molecules are usually directed into hepatic glyco-
gen. In the postprandial state, despite the endogenous glu-
cose release decreases significantly, renal gluconeogenesis 
increases twice and accounts for 60% of endogenous glucose 
release during this period, perhaps to promote an increase 
in hepatic glycogen stores [5–7]. After an overnight fast, 
most of the released glucose (80%) is of hepatic origin, and 
the remaining 20% is of renal origin. However, if the dura-
tion of fasting increases, hepatic glycogen stores become 
further depleted, and after 48-h fasting, almost all the glu-
cose released into the IVC derives from gluconeogenesis. It 
should be taken into account that daily renal glucose produc-
tion by gluconeogenesis is 15–55 g [5–7]. The kidney also 
contributes to glucose homeostasis by glucose uptake from 
the IVC to satisfy its energy needs: 25–35 g of glucose are 
consumed per day by kidneys [4, 6, 8]. Since glucose is not 
bound to proteins, it is filtered freely. Additionally, since 
normal glomerular filtration rate (GFR) is about 125 ml/
min/1.73 m2 (180 l per day), and the average glycemia in 
a 24 h period is 100 mg/dl; therefore, the kidneys filtrate 
180 g of glucose per day. Practically all of this glucose is 
reabsorbed into the IVC, which results in zero glucosuria 
[5–9, 11, 12].. In no DM2 subjects, glycemia rarely increases 
above the threshold. Thus, glucose renal reabsorption is nor-
mally in the range of 150–180 g/day, and even it can be up 
to 300–450 g/day [8, 10, 12, 13]. Glucose reabsorption hap-
pens mainly in the proximal tubule, and is mediated by two 
different carriers: sodium-glucose cotransporter 1 (SGLT1) 
and sodium-glucose cotransporter 2 (SGLT2) [13]. The most 
of the glucose reabsorption (up to 90%) is performed by 
SGLT2 which is a high-capacity and low-affinity cotrans-
porter. Regarding SGLT1, it handles the remaining glucose 
renal reabsorption, being a low-capacity and high-affinity 
glucose transporter [10–15]. Once glucose is reabsorbed, 
it is transported into the IVC through facilitative glucose 
transporters (GLUTs), which are located at the basolateral 
membrane of the proximal tubule epithelial cells (GLUT2 in 
the S1 and S2 segments and GLUT1 in the S3 segment) [5]. 
Since glucose filters freely in the glomerulus, when glycemia 

enhances, the filtered glucose increases [13]. This stimulates 
glucose tubular reabsorption capability by approximately 
20% [11]. At a serum glucose value higher than 216 mg/dL 
(12 mmol/L), tubular glucose load can exceed the maximal 
reabsorptive capability, resulting in glucosuria [6–11].

Sodium‑glucose cotransporters 2 (SGLT2): 
Mechanism of action and localization

Glucose crosses cell membranes with carriers help, and 
because of that glucose absorption at the enterocytes, reab-
sorption at the renal tubules, transport across the blood–brain 
barrier, and uptake and release by all body cells is accom-
plished by two groups of glucose transporters (GLUTs) and 
sodium-glucose cotransporters (SGLTs). GLUTs are passive 
transporters which work using the glucose gradient, while 
SGLTs cotransport sodium and glucose into cells using 
the sodium gradient generated by Na–K-ATPase pump [6, 
8–14]. SGLTs are transmembrane proteins which transport 
against a glucose concentration gradient, by transporting it 
concurrently with sodium: when sodium binds at the extra-
cellular surface, a gate opens to trap outside glucose, and 
then, the protein flips over to the intracellular side, releases 
sodium and glucose into the cell [15]. This sodium con-
centration gradient is generated by the Na–K-ATPase pump 
[16]. SGLT1 is the main glucose transporter in gut epithe-
lium, mainly located in the small intestine, with a second-
ary role in the kidney (only 10% of glucose reabsorption, 
mostly in the straight renal proximal tubule: S3 segment). 
Additionally, SGLT2, selectively expressed in the human 
kidney, is located predominantly at the apical membrane 
of renal proximal convoluted tubules (S1 and S2 segments) 
[4, 12, 15] (Fig. 1). SGLT1 is a high-affinity, low-capacity 
glucose/galactose transporter with a tenfold greater affinity 
for galactose. It is expressed mostly in the small intestine, 
and to a lesser extent in the trachea, lungs, brain, skeletal and 
heart muscle, liver, and kidneys. As food is digested, SGLT1 
absorbs glucose and galactose. On the other hand, SGLT1 
found in the late (S3) segment of the proximal renal tubule is 
responsible for 10% of the renal glucose reabsorption [6, 9, 
14]. SGLT2, is a low-affinity, high-capacity sodium-glucose, 
which is 59% identical to SGLT1 and is expressed almost 
exclusively in the apical membrane of the early segment (S1) 
of renal proximal tubule where most of filtered glucose is 
reabsorbed. SGLT2 plays a major role in the glucose renal 
reabsorptive mechanism responsible for 90% of renal glu-
cose reabsorption [6–8, 13, 14, 17, 18]. Glucose passively 
leaves the tubular cell through the basolateral membrane into 
the interstitium, and then enters into the IVC via GLUT2, 
which participates in the glucose absorption process (Fig. 1) 
[12]. The glucose transport across the renal tubule is simi-
lar to the one known for the small intestine: glucose is first 
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accumulated within the epithelium by an SGLT in the brush-
border membrane and then passively diffuses to a concen-
tration gradient out of the cell into the intercellular space, 
which is in equilibrium with the bloodstream [6–8].

Diabetes mellitus: mechanism of kidney 
injury

The main inducing mechanisms of hyperglycemia-induced 
kidney injury and diabetic nephropathy are oxidative stress, 
inflammation, fibrosis, and apoptosis [19, 20]. High glu-
cose levels in the proximal tubule can cause excessive glu-
cose, sodium and water reabsorption (Fig. 2), favored by 
an increase SGTL activity which contributes to the devel-
opment of diabetic complications [17, 20]. High serum 
glucose induces synthesis of renal angiotensin II type I 
receptor (AT1R) in mesangial cells and podocytes, via 
increasing overall renin level and intraglomerular capil-
lary pressure. High glucose levels and the activation of the 
renin–angiotensin–aldosterone system (RAAS) lead to the 
activation of many intracellular transduction systems, which 
causes hyperplasia and hypertrophy mainly of the proximal 

tubule, by the intracellular expression of growth factors and 
cytokines such as transforming growth factor b (TGFb), vas-
cular endothelial growth factor (VEGF), interleukin 6 (IL-6), 
and monocyte chemotactic protein 1 (MCP1) [9, 13, 19]. It 
is worth mentioning that TGFβ is the fibrogenic and hyper-
trophic cytokine involved in the extracellular matrix mol-
ecules production (type I and type IV collagen, fibronectin, 
and laminin) necessary for developing diabetic nephropathy 
[16]. These cellular mediators have been implicated in renal 
and vascular proliferative response, increasing local synthe-
sis of SGLT2, glucose transportation to the tubular cell and, 
consequently, to the IVC [13–19]. In addition, hyperglyce-
mia leads to non-enzymatic glucose reactions which gener-
ate advanced glycation end-products (AGEs) in renal cells, 
thus contributing to diabetic nephropathy progression [19]. 
Since DM2 probably increases the expression of SGLT2, 
there is an increase in glucose reabsorption, which causes 
the following phenomena [13]: 

•	 Increased need for oral antidiabetics and insulin.
•	 Glucosuria reduction leads to tubulo-glomerular feed-

back stimulation, perpetuating glomerular vasodilation 
and glomerular hyperfiltration.

Fig. 1   Glucose filtration and proximal tubule reabsorption in healthy setting
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•	 Increased glucose proximal tubule reabsorption triggers 
local production of pro-inflammatory, proliferative, and 
profibrotic mediators.

It is known that chronic hyperglycemia causes signifi-
cant morbidity and mortality owing to the resulting mac-
rovascular disease (e.g., atherosclerotic cardiovascular 
disease) and microvascular disease (e.g., nephropathy, 
neuropathy, and retinopathy) [21, 22]. The onset of dia-
betic nephropathy takes many years, and it has several 
pathophysiologic mechanisms such as: hemodynamic, 
metabolic, and inflammatory pathways [21]. Hypergly-
cemia is a crucial factor for inducing renal hyperfiltra-
tion, and RAAS activation increases angiotensin II levels, 
which causes efferent arteriolar vasoconstriction with the 
subsequent hyperfiltration [17–21]. This phenomenon is 
associated with renal injury such as glomeruloesclerosis 
and progressive loss of renal function [17]. There is also 
increased expression of endothelin-1, another efferent 
arteriolar vasoconstrictor [21]. Additionally, the increased 
sodium reabsorption due to SGLT2 activity is sufficient 
to alter glomerular hemodynamics [23]. Regarding meta-
bolic pathways, hyperglycemia leads to free oxygen radical 

production, which cause glyceraldehyde-3-phosphate 
dehydrogenase inhibition, that avoid normal glycolysis, 
and leads to an accumulation of glycolysis precursors, 
causing the upregulation of the polyol and hexosamine 
pathways, cofactors for protein kinase C activation and 
production of AGEs precursors [21], which induces tubu-
lar cells apoptosis, contributing to tubular atrophy and loss 
in diabetic nephropathy [24]. These metabolic effects are 
associated to an increase in inflammatory cytokines, renal 
cell hypertrophy, mesangial matrix proliferation, and glo-
merular basement membrane damage, all factors which 
contribute to glomerular hyperfiltration [17–21]. Glucose 
enters the tubular cells mediated by SGLT2 and potentiates 
the cells susceptibility to pro-apoptotic effects of AGEs 
via receptor for AGE (RAGE) expression [24]. Regard-
ing the inflammatory pathways, hyperglycemia causes (a) 
increased expression of nuclear factor-kB, a transcription 
factor that regulates gene expression relating to inflamma-
tion, immunity, and apoptosis; (b) increased expression of 
inflammatory cytokines, such as interleukins and tumor 
necrosis factor-α (TNF-α) [21]. Other pathways which 
may also promote diabetic nephropathy include defec-
tive podocyte autophagic activity and SGLT2 expression 

Fig. 2   Glucose filtration and proximal tubule reabsorption in diabetic setting
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upregulation, both associated with hyperglycemia [21]. 
Glycosuria is toxic for the proximal tubule cells, since 
excessive glucose rapidly saturates the glycolytic pathways 
capability drifting towards secondary pathways such as 
polyols. A considerable amount of NADH is generated 
through this alternative pathway, and this is also the final 
product of redox reactions hindered by NADH accumula-
tion. Therefore, triose oxidation (glyceraldehyde 3P) is 
blocked, and some oxidation intermediates of the Krebs 
cycle (e.g., succinate, etc.) are blocked too. It has been 
proposed that succinate accumulation during hyperglyce-
mia could contribute to the afferent arteriole vasodilatation 
implicated in hyperfiltration [13]. Furthermore, neurohor-
monal and tubular mechanisms contribute to glomerular 
hyperfiltration, which is present in 50% of diabetic patients 
[17]. The blocking of the triose oxidation leads to glyco-
lysis intermediate product accumulation, all of them with 
glycosylation capability. Intracellular glycosylation of 
various proteins generates AGEs, which produce oxygen 
free radicals, pro-inflammatory nuclear transcription fac-
tors (NF-k β) activation, cell proliferation, IL-6, PAI-1, 
and extracellular matrix proteins expression [13]. Since 
glyceraldehyde 3P drift to dihydroxyacetone phosphate 
(DHAP), the excess oxidation of glucose enters into the 
diacylglycerol (DAG) pathway. DAG activates a protein 
kinase C (CPK) in particular cells (e.g., renal, endothelial, 
etc.) leading to diabetic tissues damage [13]. Increases in 
sodium proximal tubule reabsorption also increase the glo-
merular capillary hydrostatic pressure, and consequently 
the GFR value. This phenomenon occurs due to the fol-
lowing mechanisms (Fig. 2): [7–23]

•	 Sodium flow reduction through the macula densa stimu-
lates tubule-glomerular feedback which dilates the affer-
ent arteriole and increases glomerular hydrostatic pres-
sure.

•	 Increased proximal tubule sodium reabsorption reduces 
fluid flow through the proximal tubule and consequently 
decreases Bowman’s space pressure that opposes filtra-
tion.

•	 SGLT2 excessive activation increases glucose and 
sodium proximal tubule reabsorption, which main-
tains hyperglycemia as a mechanism against glucose 
osmotic diuresis, and to decrease sodium delivery to 
distal tubules, which promotes renal hemodynamic dys-
function. Regarding histological changes in the diabetic 
kidney, particularly tubule-interstitial fibrosis, present a 
significant correlation with renal function reduction. The 
most important tubule-interstitial changes observed in 
DM2 are the thickening of the proximal tubular cell base-
ment membrane, hyperplasia, and hypertrophy in early 
stages, followed by its subsequent atrophy and interstitial 
fibrosis [16].

SGLT2i: mechanism of action

Both SGLT2 and renal GLUT2 are upregulated in DM2 
patients compared to healthy subjects. This phenomenon 
of SGLT2 and GLUT2 upregulation could be important 
adaptations to maintain renal tubular glucose reabsorption. 
Selective SGLT2 inhibitors (SGLT2is) are oral hypoglyce-
mic agents used to treat patients suffering from DM2. They 
improve glycemic control in an insulin-independent man-
ner by blocking glucose reabsorption in the renal proximal 
tubule, inducing glucosuria, osmotic diuresis, and reduced 
glucose-sodium proximal tubule reabsorption [4, 7, 11, 16, 
21, 22]. SGLT2is hinder the glucose cotransporters activ-
ity in proximal convoluted tubules, reducing glucose reab-
sorption, and consequently causing a net loss of 70–80 g of 
glucose a day [10]. Since SGLT2is act through an insulin-
independent mechanism, their therapeutic efficacy does 
not decline with progressive beta cell dysfunction and/
or insulin resistance [11]. Due to that, SGLT2i improves 
glycemic control in all stages of DM2. Another advantage 
of these drugs is that they act synergistically with other 
antihyperglycemic drugs [11]. In addition, hyperglycemia 
correction reverses glucotoxicity, thus improving β-cell 
function [4].

SGLT2i: systemic effects

Basic antihyperglycemic SGLT2i efficacy consists of the 
reduction of serum glucose levels which does not depend 
on insulin or the β cell action, attenuating glucose toxicity 
[12–17]. As a result of its mechanism of action, this drug 
increases glycosuria and natriuresis, being its renal and 
cardiovascular protective effects in DM2 due to glycosu-
ria, which leads to an improved glycemic control, weight 
loss, and positive effects on insulin activity. Additionally, 
natriuresis leads to blood pressure (BP), intraglomerular 
hypertension, and proteinuria reduction [17–25]. These 
protective renal and cardiovascular effects have been 
observed in DM2 patients treated with empagliflozin 
(EMPA-REG OUTCOME Trial), canagliflozin (CANVAS 
Trial), and dapagliflozin (DECLARE–TIMI Trail) [14–30] 
(Table 1) SGLT2i can help control hypertension, because 
it reduces systolic and diastolic blood pressure by 3.77 and 
1.75 mmHg, respectively [7]. Decreases in systolic blood 
pressure of up to 5 mmHg have been described in clini-
cal trials of dapagliflozin, empagliflozin, and canagliflo-
zin. Due to the fact that SGLT2i has osmotic diuretic-like 
effects (volume contraction), they can lower systolic blood 
pressure by 3–5 mmHg [1, 4, 17]. In addition, antihyper-
tensive effects result in a reduction of arterial stiffness 
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[22]. These drugs induce a daily glucose urinary loss of 
70–80 g, consequently leading to a 2–3 kg body weight 
decline over 3–6 months [11, 22]. Initially, the weight loss 
is mainly due to fluid depletion, but subsequently there is 
loss of fat tissue. Nevertheless, this weight loss appears to 
plateau after about 6 months of treatment [4, 7, 12, 22]. 
It is worth mentioning that hypoglycemia does not occur 
with the use of SGLT2is neither in DM2 patients nor in 
non-diabetic individuals. Therefore, it has been hypothe-
sized that the liver could react to the glycosuria by increas-
ing glucose release [12]. SGLTis might also induce favora-
ble cardiovascular and renal effects by decreasing plasma 
uric acid levels [11]. Since insulin resistance and hyperin-
sulinemia reduce uric acid renal excretion, hyperuricemia 
is commonly observed in patients with DM2. By increas-
ing glucose concentrations in the filtrate, SGLT2 inhibition 
is suggested to cause glucose transporter to excrete uric 
acid in exchange for glucose reuptake, causing a reduc-
tion in uric acid reabsorption [7]. It has been documented 
that SGLT2is improve renal and cardiovascular outcome 
[7]. The EMPA-REG OUTCOME Trial documented that 
empagliflozin greatly improved the occurrence of major 
adverse cardiovascular events (cardiovascular death, non-
fatal myocardial infarction, and nonfatal stroke) in DB2 
patients, compared to the control group [27–31]. Since 
these benefits occurred too early (within months), they 
were attributed not to antiatherosclerotic effects but to 
empagliflozin-induced hemodynamic changes [7, 27] In 
CANVAS and CANVAS-R trials involving DM2 patients 
with an elevated risk of cardiovascular disease, patients 
treated with canagliflozin had a lower risk of cardiovascu-
lar events than those who received placebo. However, they 
had a greater amputation risk, primarily at the level of the 
toe or metatarsal. An increase in bone fractures has been 
previously described with canagliflozin, however, only 
documented in CANVAS but not in CANVAS-R [29]. The 
DECLARE–TIMI 58 trial documented that dapagliflozin 
was non-inferior to placebo regarding the composite safety 
outcome of cardiovascular death, myocardial infarction, 
or ischemic stroke. However, dapagliflozin did not result 
in a significantly lower rate of major adverse cardiovascu-
lar events; still, it did significantly reduce cardiovascular 

death and heart failure hospitalization rate in a broad 
population of DM2 patients. The genital infections rate 
was higher with dapagliflozin than with placebo, but not 
Fournier’s gangrene rate [30].

SGLT2i: renal repercussions

SGLT2is reduce glomerular hyperfiltration in DM2 patients, 
since this cotransporter inhibition increases delivery of 
fluid and electrolytes to the macula densa, thereby acti-
vating tubule-glomerular feedback [11]. In addition, an 
increment in urine output is commonly detected with acute 
SGLT2 inhibition, phenomenon which has been attributed 
to the osmotic diuresis induced by glucosuria. With chronic 
SGLT2i administration, excess urine volume appears to set-
tle at 200–600 ml per day. As a consequence, an increased 
hematocrit is usually observed in patients on SGLT2i, while 
clinical volume depletion is infrequent [12]. Proteinuria is 
a crucial prognostic factor for the progression of chronic 
kidney disease (CKD) [14]. Even though this progression 
has decreased with advances in hypertension treatment and 
RAAS inhibition, there are still many DM2 patients suffer-
ing from CKD who will progress to end-stage renal disease 
and renal-replacement treatment (RRT) [21].

The proteinuria reduction mechanism may occur on the 
basis of direct proximal tubule effects, which causes urinary 
sodium loss [14]. In the context of diabetes mellitus, there 
is an increase in SGLT2-mediated transport, which leads 
to augmented glucose and sodium proximal tubule reab-
sorption, and reduced distal delivery to the macula densa 
[14–30]. A decrease in sodium supply at the macula densa 
is sensed by the juxtaglomerular apparatus as an effective 
hypovolemia, leading to afferent arteriolar vasodilation via 
the tubule-glomerular feedback (TGF), which leads to an 
increase in intraglomerular pressure. By blocking proxi-
mal tubular uptake of sodium by SGLT2 inhibition, the 
resulting increase of distal sodium delivery to the macula 
densa stimulates TGF-mediated afferent vasoconstriction, 
contributing to a decrease in intraglomerular hypertension 
[14–26]. As a consequence of reducing glomerular hyperfil-
tration, it is expected to reduce the transport work and renal 

Table 1   Summery of the major results of the main SGLT2 inhibitors trials

3P-MACE major adverse cardiovascular event: cardiovascular death, myocardial infarction, or stroke

Drug/trial name Primary outcome Hazard ratio (95% CI) Effects vs. placebo Reference

Empagliflozin (EMPA-REG OUTCOME) 3P-MACE 0.86 (0.74-0.99) Superior [27]
Canagliflozin (CANVAS) 3P-MACE 0.86 (0.75-0.97) Superior [29]
Dapagliflozin (DECLARE-TIMI 58) 3P-MACE 0.93 (0.84-1.03) Non-inferior [30]
Canagliflozin (CREDENCE) Kidney failure and car-

diovascular events
0.70 (0.59-0.82) Superior [36]
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oxygen consumption, as well as the glomerular capillary 
hypertension and kidney injury rate [11, 23]. Apparently as 
a consequence of this decrease in glomerular hypertension, 
SGLT2i induce albuminuria reduction in patients suffering 
from DM2 by 30–50% [22].

Inhibition of this cotransporter lowers primary proximal 
tubule hyper-reabsorption, typical of diabetic patients, thus 
reducing glomerular hyperfiltration [11]. An acute reduc-
tion in GFR (over the first few weeks) was observed with 
SGLT2is, explained by the hemodynamic response to these 
drugs [17–27]. SGLT2 blockade can not only improve 
hyperglycemia by improving urinary glucose excretion, but 
also reduce glucose overload to the proximal tubule cells, 
generating beneficial effects on tubular apoptosis and atro-
phy [17–24]. In addition to direct effects on proximal tubule 
sodium reabsorption, the glucosuria caused by SGLT2i 
induces an osmotic diuresis effect, contributing to excess 
sodium and water excretion [23].

There is increasing evidence, suggesting that SGLT2is 
may have renal protective effects, as reported by diverse clin-
ical trials (EMPA-REG OUTCOME, CANVAS, DECLARE-
TIMI 58, and CREDENCE) whose findings are summarized 
as follows [27–37]. In the EMPA-REG OUTCOME Trial, 
it was proved that the use of empagliflozin reduces the 
incidence of CKD, progression to macroalbuminuria, and 
frequency of RRT initiation, compared to placebo [22–27]. 
The potential main mechanism responsible for these reno-
protective effects is probably the empagliflozin renovas-
cular and hemodynamic effects [19, 21]. In the CANVAS 
trails, albuminuria progression occurred less frequently in 
the canagliflozin group than in the placebo group:hazard 
ratio of 0.73 (95% CI 0.67–0.79). However, these effects 

were greater in CANVAS-R than in CANVAS. In addition, 
albuminuria regression also occurred more frequently in the 
canagliflozin group than in the placebo group (hazard ratio, 
1.70; 95% CI 1.51–1.91). Regarding the renal outcome, (sus-
tained 40% GFR reduction, renal-replacement therapy need, 
or death from renal cause) occurred less frequently in the 
canagliflozin group than in the placebo group (hazard ratio 
of 0.60; 95% CI 0.47–0.77). In this outcome, no significant 
difference was documented between both CANVAS trials 
[29]. Regarding the DECLARE-TIMI 58 trial, its findings 
supported a possibly lower rate of adverse renal composite 
outcome (≥ 40% decrease in eGFR to < 60 ml/min/1.73 m2, 
new end-stage renal disease (ESRD), or death from renal 
cause) in the dapagliflozin group than in the placebo group 
(hazard ratio, 0.53; 95% CI 0.43–0.66) [30] Finally, in the 
CREDENCE trial, the event rate of its primary composite 
outcome (ESRD, doubling of the creatininemia, or renal or 
cardiovascular death) was significantly lower in the canagli-
flozin group than in the placebo group (hazard ratio, 0.70; 
95% CI 0.59–0.82. The effects were also consistent across 
renal components, including the doubling of the serum cre-
atinine level, and the exploratory outcome of dialysis, kidney 
transplantation, or renal death [36]. Studies in animal mod-
els of diabetes mellitus have shown that SGLT2 inhibition 
can reduce renal growth, inflammation, and injury, which 
means that SGLT2i could reduce renal and extrarenal glu-
cotoxicity [11]. In this sense, many inflammatory inducing 
mechanisms, which are not mutually exclusive, that could 
be inhibited by SGLT2 inhibition, have been proposed: body 
overweight, postprandial hyperglycemia, high plasma insulin 
and uric acid levels, low serum ketone and beta-hydroxybu-
tyrate levels, and endothelial pro-inflammatory chemikine/

Table 2   Low grade inflammatory inducing mechanisms and their inactivation by SGLT2 inhibitors (SGLT2is)

AMPK adenosine monophosphate-activated protein kinase, AGEs advanced glycation end-products

Inflammatory condition Inflammatory mechanism SGLT2is induced inactivation

Overweight Fat Induced inflammation Body weight and fat reduction
Postprandial hyperglycemia Acute increase of circulating cytokine (IL-6, 

TNF-α, IL18)
Prevention of postprandial hyperglycemia by 

inducing glucosuria
Hyperinsulinemia Adipose tissue inflammation by increasing 

pro-inflammatory cells (M1 macrophages 
and natural killer cells)

Reduction of circulating insulin and exogenous 
insulin need, increase insulin clearance

Hyperuricemia NLRP3 inflammasome activation in mac-
rophages and immune cells

Serum uric acid levels reduction by inducing 
uricosuria

Low serum ketone and beta-hydroxybutyrate 
levels

Ketone anti-inflammatory effect through 
inhibition of NLRP3 inflammasome among 
other mechanisms

Increase in ketone bodies and beta-hydroxybu-
tyrate due to a decrease in insulin-glucagon 
ratio

Endothelial pro-inflammatory chemikine/
cytokine secretion

Activation of mitochondrial respiratory chain 
complex

Endothelial pro-inflammatory secretion inhibi-
tion by AMPK activation

Oxidative stress Pro-inflammatory and pro-apoptotic effect of 
glucose overload in proximal tubules

Blockade of glucose overload in proximal 
tubules

AGEs induced by chronic hyperglycemia Activation of several inflammatory signaling 
pathways induced by AGEs

Hyperglycemia avoided by glucosuria
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cytokine secretion [32, 33] (Table 2). Another SGLT2i effect 
consists of reducing glucose accumulation in the renal cells. 
This phenomenon leads to a reduction in reactive oxygen 
species (ROS), and glucose-induced inflammatory and 
fibrotic markers in proximal tubule cells, expressed by the 
reduced expressions of Toll-like receptor-4 (TLR4), type IV 
collagen, interleukin-6 secretion, and nuclear factor kappa B 
(NF-kB). These results indicated that SGLT2i can prevent 
proximal tubular damage linked to glucotoxicity. Finally, 
since AGEs resulting from chronic hyperglycemia can 
induce protein modifications and activation of inflammatory 
signaling pathways, SGLT2i could reduce their production 
(Table 2) [4–20]. Renal impairment reduces SGLT2i effi-
cacy, since its activity depends on the number of nephrons; 
therefore, the main renal drug handbooks do not recommend 
SGLT2i use in patients with a glomerular filtration rate 
(eGFR) < 40 ml/min/1.73 m2 [1, 34]. However, it is worth 
emphasizing that empagliflozin has been accepted for treat-
ing patients with eGFR ≥ 60, although it can be continued 
until eGFR of 45 ml/min. Even after the CREDENCE study 
publication, canagliflozin has been accepted to be initiated 
in patients with eGFR of 30 ml/min, despite the fact that this 
is not universally accepted [27, 32–34]. Mild and transitory 
GFR changes (about 5 ml/min), albumin-to-creatinine ratio, 
and serum urea were observed at the beginning of a study 
in stage-3 CKD patients, but after a 26-week treatment with 
SGLT2is, a return of these parameters to baseline levels was 
registered, along with a rise in serum potassium and mag-
nesium in such patients [1]. In DM2 patients, SGLT2is can 
reduce hyperfiltration and could have a long-term renal pro-
tection effect [1, 17]. A number of studies reported that there 
is no evidence of empagliflozin-induced nephrotoxicity, 
and conversely it was even found that this drug reduces this 
risk [7]. However, regardless of the renal safety outcomes 
reported in the EMPA-REG study, a few reports suggest that 
there could be a risk for renal damage associated to this drug 
which has been attributed to the trans-glomerular pressure 
reduction, and mild decline in GFR, which is paradoxically 
the basis of its long-term renal protection effect [27, 28, 
31–36]. Conversely, the CREDENCE Trial proved that DB2 
patients who received canagliflozin had a lower risk of renal 
failure than the patients who received placebo [36].

Conclusion

SGLT2 inhibitors are now widely used in patients with type 
2 diabetes mellitus to improve glycated hemoglobin levels 
and to reduce cardiovascular risk. They are also the most 
promising drugs to confer renoprotection. Evidence has 
shown that these glucose-lowering agents attenuate the glo-
merular hyperfiltration associated with diabetes mellitus and 
reduce the glucose tubular toxicity, ameliorate renal growth 

and, subsequently, reduce albuminuria, probably explaining 
its renoprotective effects.
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