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Purpose of Review: Type 2 diabetes mellitus (T2DM) is a prevalent disease with the 
severe clinical implications including myocardial infarction, stroke, and kidney disease. 
Therapies focusing on glycemic control in T2DM such as biguanides, sulfonylureas, thiazo
lidinediones, and insulin-based regimens have largely failed to substantially improve cardi
ovascular and kidney outcomes. We review the recent findings on sodium-glucose co- 
transporter type 2 (SGLT2) inhibitors which have shown to have beneficial cardiovascular 
and kidney-related effects.
Recent Findings: SGLT2 inhibitors are a new class of diabetic medications that reduce the 
absorption of glucose in the kidney, decrease proteinuria, control blood pressure, and are 
associated with weight loss. SGLT2 inhibitors provide complementary therapy independent of 
insulin secretion or action with proved glucose-lowering effects. Recent placebo-controlled 
clinical trials have demonstrated that these medications can decrease cardiovascular death, 
progression of kidney disease, and all-cause mortality in diabetic and non-diabetic patients. 
Interestingly, SGT2 inhibitors such as dapagliflozin have also proven to decrease heart failure 
admissions and cardiovascular endpoints in non-diabetic patients, suggesting pleiotropic effects. 
The exact mechanisms responsible for reductions in atherosclerotic heart disease, need for 
kidney replacement therapy, and progressive kidney disease remain unknown. While regulation 
of glomerular hyperfiltration, albuminuria, and natriuresis may be part of the explanation, it is 
possible that complex cellular effects including energy balance optimization, downregulation of 
oxidative stress, and modulation of pro-inflammatory signaling pathways are associated with 
favorable outcomes observed in large clinical studies.
Conclusion: SGLT2 inhibitors are novel antidiabetic medications with immense utility in 
the management of patients with T2DM. Furthermore, SGLT2 inhibitors have demonstrated 
to reduce the progression to advanced forms of kidney disease and its associated complica
tions. These medications should be front and center in the management of patients with 
diabetic kidney disease with and without chronic kidney disease as they confer protection 
against cardiovascular/renal death and improve all-cause mortality. Future studies should 
evaluate the benefits and implications of early initiation of SGLT2 inhibitors, as well as the 
long-term effects of this therapy.
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Introduction
Type 2 Diabetes Mellitus (T2DM) is a highly prevalent condition that confers sig
nificant morbidity and mortality among cardiovascular and renal patients. Results from 
the International Diabetes Federation Diabetes Atlas (9th edition) reveal that the 2019 
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estimated global prevalence of diabetes mellitus was 9.3%, 
translated in 463 million people affected by this condition.1 

Furthermore, there is a projected rise of this disease to 
578 million by 2030. T2DM is the leading cause of chronic 
kidney disease (CKD) and end-stage kidney disease (ESKD) 
worldwide2 and diabetic kidney disease (DKD) has been 
related to the death of >400 000 patients in both industria
lized and developing countries.3

Relative insulin deficiency, insulin resistance and 
abnormal glucose metabolism are all factors implicated 
in the pathophysiology of T2DM.4 Chronic hyperglycemia 
induces pathological microvascular and macrovascular 
changes in the form of myocardial infarction (MI), stroke, 
and DKD. However, an increasing body of evidence sug
gests that complex cellular processes including endothelial 
damage, immune system dysregulation, and marked pro
duction of reactive oxygen species (ROS) play an impor
tant role in pathogenesis and deleterious effects of T2DM. 
Despite this, societal guidelines have focused on control
ling hyperglycemia to prevent disease progression and 
end-organ complications by recommending periodic mon
itoring of glycated hemoglobin A1c (A1c). Thus, asides 
from lifestyle modifications, metformin (biguanide) is 
recommended as the mainstay of therapy followed sulfo
nylureas and thiazolidinediones. Adjuvant insulin therapy 
is also indicated for severe cases of persistent hyperglyce
mia to achieve an A1c goal < 7%. However, strategies 
aiming to manage hyperglycemia by increasing glucose 
uptake (insulin, biguanides, and thiazolidinediones) or to 
increase the net insulin production (sulfonylureas) have 
been found to provide marginal benefits.5–7 Furthermore, 

these medications have been paradoxically associated with 
increased mortality rates among diabetic patients, particu
larly in those with ischemic heart disease.8–12

Sodium-glucose co-transporter type 2 (SGLT2) inhibitors 
are a novel medication class that promotes glucose excretion 
in the kidney.13 SGLT2 inhibitors not only improve fasting 
plasma glucose (FPG) but reduce absolute A1c levels. They 
also induce blood pressure reductions and weight loss.13,14 

Moreover, SGLT2 inhibitors have shown to improve cardio
vascular and renal outcomes along with all-cause mortality in 
diabetic patients.4 The mechanisms by which SGLT2 inhibi
tors promote such benefits are not fully understood. 
However, based on recent preclinical and clinical data, they 
could play an important role in the stabilization of cellular 
metabolic stress, glucose-mediated toxicity, and inflamma
tion in key organs such as the kidneys and the heart.15,16 This 
review provides an overview of most relevant findings 
derived from recent randomized clinical trials and provides 
a comprehensive review of the mechanistic effects of these 
medications in the pathophysiology of T2DM and the cardi
orenal axis; summarized in Table 1.

Sodium-Glucose Co-Transporters: 
Physiology and Expression 
Regulation
Sodium-glucose co-transporters 2 are apical integral mem
brane-bound proteins that transport sodium and glucose in 
an equimolar fashion in the S1 and S2 segments of the 
proximal tubule.13 SGLT2 proteins are part of the SGLT 
family that include six different isoforms (SGLT1-6) with 

Table 1 Potential Mechanisms of Action of SGLT2 Inhibitors in the Cardio-Renal Physiology

Kidney Heart

Regulation of cellular stress mediated by energy unbalance (reduction 
of ATP-dependent sodium/glucose uptake)

Regulation of cellular stress mediated by energy unbalance. Adaptation to 
alternative energy fuels (e.g. fatty acids)

Reduction of reactive oxygen species and markers of cellular injury in 
diabetic kidney disease.

Reduction of reactive oxygen species and markers of cellular injury 
during myocardial infarction and heart failure.

Downregulation of PKC, mTOR and TGF-β related-pathways. 
Reductions in fibrosis and inflammatory cytokines.

Modulation of JAK-STAT signaling pathways during ischemia-reperfusion 
injury, AMPK amplification, NHE1 inhibition.

Reduction in albuminuria, natriuresis, modulation of TGF and 

decrements in the rate of GFR decline

Blood pressure and weight reductions

Decrease cellular hypoxia, increments of hematocrit and restoration of 

EPO producing macrophages

Diuretic effect, and volume reduction. Greater benefit when associated 

with ACEi/ARBs

Abbreviations: ATP, adenosine-triphosphate; PKC, protein-kinase C; mTOR, mammalian target of rapamycin; TGF-β, transforming growing factor β; JAK-STAT, Janus kinase 
(JAK)-signal transducer and activator of transcription; AMPK, adenosine monophosphate activated protein kinase; NHE1, sodium-hydrogen exchanger 1; TGF, tubuloglo
merular feedback; GFR, glomerular filtration rate; EPO, erythropoietin; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blockers.
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different substrate specificity and tissue localization.17 

While SGLT2 is predominantly expressed in the kidney, 
SGLT1 is mainly expressed in the intestine, and in a lesser 
amount in the S3 segment of the proximal tubules. SGLT2 
is responsible for 90% of the reabsorption of freely filtered 
glucose. In healthy individuals, approximately 180 g of 
glucose is filtered every day assuming that the glomerular 
filtration barrier is intact.13,17 Tubular glucose reabsorption 
increases linearly with increasing serum glucose levels 
until the SGLT transport system becomes saturated. 
Maximal glucose tubular transport (Tmg) is approximately 
375 mg/min in adults; which correlates with 300 mg of 
glucose per day.18 Under physiological conditions, vir
tually no glucose is detected in urine due to the action of 
SGLT2 and minor contribution of SGLT1. Furthermore, 
The activity of SGLT2 increases in the early stages of 
diabetes via renal tubular growth, hyperplasia, and hyper
trophy of the proximal tubules.19,20

Asides from SGLT1 and SGLT2, two other proteins 
located in the basolateral side of the renal epithelial cells 
are important in glucose transport: the ATP-dependent Na 
+/K+ pump and glucose transporter 2 (GLUT2).13,17 High 
intracellular sodium concentration due to glucose uptake 
stimulates the ATP-dependent Na+/K+ pump which 
actively transports sodium back to the circulation while 
glucose transport is facilitated by gradient-driven GLUT2 
in the proximal tubules and GLUT1 in the distal portions 
of the nephron.21 Proximal tubule reabsorption of glucose 
as well as sodium reabsorption (65% of filtered sodium) 
reduce the delivery of sodium and chloride to the macula 
densa, thus activating the tubuloglomerular feedback 
(TGF). This mechanism in turn decreases the tone of the 
renal afferent arteriole; thereby increasing blood renal flow 
and the single nephron glomerular filtration rate.22 Also, 
the decreased delivery of fluid to the distal portions of the 
nephron lowers the tubular back pressure in Bowman 
space. This increases the effective glomerular filtration 
pressure; accounting for up to 50% of diabetic 
hyperfiltration.23

The mechanisms that govern the regulation and expres
sion of SGLT2 in diabetes mellitus are yet to be eluci
dated. Studies in mice have shown that SGLT2 inhibition 
increases renal expression of SGLT1, suggesting that 
a decreased glucose delivery to the proximal tubules may 
trigger a compensatory mechanism to ensure glucose 
homeostasis.19 Ghezzi et al23 demonstrated that glucose 
transport through SGLT2 is upregulated by protein kinase 
A and protein kinase C in human embryonic kidney 

(HEK) 293T cells. In this study, insulin was found to 
induce a 250% increase in SGLT2 transport and 
a marginal reduction of the glucose transport through 
SGLT1. The authors suspected that these findings corre
lated with glycemic changes when moving from a fasting 
state to fed state after a carbohydrate-rich diet. Likewise, 
studies in cultured human proximal tubular cells by 
Nakamura et al24 demonstrated that insulin evoked the 
production of reactive oxygen species (ROS) in cultured 
proximal tubular cells; an effect that correlated with the 
upregulation of SGLT2 proteins and increased glucose 
uptake. Furthermore, they also found that glucose uptake 
could be markedly blocked by the administration of the 
antioxidant N-acetyl cysteine; suggesting that ROS pro
duction could be a mechanism of insulin to increase glu
cose uptake in renal epithelial cells. While hyperglycemia 
and advanced glycation end products (AGEs) have been 
implicated in the production of ROS previously,25,26 stu
dies have failed to show an increase in the expression of 
SGLT2, supporting a mechanism directly linked to insulin 
stimulation. Interestingly, SGLT2 can also be upregulated 
in hypoinsulinemic states as demonstrated in T1DM Akita 
mice;20,27 questioning the argument that the expression of 
SGLT2 is increased in DM2 at the expense of insulin 
activity. Alternatively, mechanisms mediated by angioten
sin II AT1 receptors, hepatocyte nuclear factor HNF-1α, 
and pro-inflammatory cytokines such as IL-6 and TNF-α 
(autocrine regulation) have been found to upregulate 
SGLT2 proteins and could explain increased SGLT2 activ
ity in T1DM.28–30

SGLT2 Inhibitors and Dual SGLT1/2 
Inhibition: Pharmacological 
Characteristics and Clinical Data
Dapagliflozin was the first selective SGLT2 inhibitor 
approved for the treatment of T2DM in 2012. It was 
followed by the approval of other commercially available 
SGLT2 inhibitors such as canagliflozin and 
empagliflozin.31 The selectivity of dapagliflozin for 
SGLT2 is >1400-fold greater than that for SGLT1 and it 
does not inhibit other glucose transporters in peripheral 
tissues. Dapagliflozin is administered orally in doses of 
5–10 mg with peak plasma concentrations in 1.5–2 hours 
in adults in the fasted state, whereas high-fat meals 
decrease the peak plasma concentration by approximately 
50%.32 The oral availability of dapagliflozin after a dose 
of 10 mg is approximately 78%. It is a protein-bound 
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compound (91%) with a relatively large volume of distri
bution at 118 L. Similar to other SGLT2 inhibitors, dapa
gliflozin has a prolonged half-life (12.9 hours), allowing 
daily administration.14,32 After hepatic and renal glucuro
nidation via UGT1A9, dapagliflozin is inactivated and 
eliminated largely through the urine (75%) with a minor 
elimination in bile and feces. The plasma concentration of 
dapagliflozin may increase in cases of severe liver disease 
(Child-Pugh C) and advanced kidney disease.31 Dose 
reduction is recommended in patients with liver dysfunc
tion. Furthermore, the use of dapagliflozin has been lim
ited in clinical practice among patients with estimated 
glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 

and has been avoided in patients with persistently low 
eGFR <45 mL/min/1.73 m2.33

The effect of dapagliflozin and other SGLT2 inhibitors 
is dose-dependent and relies on the glomerular filtration 
rate. Therefore, an attenuation of their effects is expected 
in patients with impaired kidney function. However, the 
recently published large randomized placebo-controlled 
clinical trial “Canagliflozin and Renal Events in Diabetes 
with Established Nephropathy Clinical Evaluation” 
(CREDENCE)34 included 1308 (59%) patients with mod
erate to severe kidney disease (eGFR < 60 mL/min/ 
1.73 m2) in the treatment arm. Reportedly, only 13 patients 
(0.6%) in the treatment group and 19 patients (0.9%) in the 
placebo group experienced problems related with safety 
and tolerability that prompted early discontinuation of the 
therapy. Likewise, serious adverse effects including frac
tures, amputation, pancreatitis, among others were com
parable in patients with reduced eGFR in both groups. 
Thus, results from CREDENCE suggest that patients 
with advanced kidney disease could be candidates for 
therapy with canagliflozin and other SGLT2 inhibitors 
with a good safety profile. This is particularly important 
since patients with advanced kidney disease are at the 
highest risk for secondary complications including heart 
disease, need for renal replacement therapy, and all-cause 
mortality.22

The safety profile of several SGLT2 inhibitors is under 
investigation for their use in patients with T1DM due to 
the potential risk of diabetic ketoacidosis and urinary tract 
infections in this population. Dual SGLT1/2 inhibitors 
such as sotagliflozin offer a new therapeutic option in 
T1DM. Sotagliflozin can effectively block SGLT1 with 
a high affinity (Km = ~0.5mM) and reduces the absorption 
of glucose and galactose in the proximal intestine, 
improves postprandial glycemic control, and can further 

increase renal tubular excretion of glucose by simulta
neously blocking SGLT2 and SGLT1 receptors.35,36 

Sotagliflozin is extensively plasma protein bound 
(>93%), and at doses of 400 mg exhibits local inhibition 
of SGLT1 as opposed of systemic blockade. The clinical 
utility of sotagliflozin is related to reduced postprandial 
glucose load leading to reduced correctional insulin doses 
in T1DM patients and a potential lower incidence of 
hypoglycemia.37 Furthermore, in patients with well- 
controlled T1DM (A1c < 7.3%), the contribution of post
prandial hyperglycemia to A1c levels has been found to be 
as high as 70% whereas in those with poor glycemic 
control, its contribution was substantially less (30%).35 

Therefore, the effects of sotagliflozin on postprandial 
hyperglycemia are expected to provide the greatest benefit 
in patients with A1c closer to the lower range. This con
trasts with SGLT2 inhibitors, which predominantly opti
mize fasting plasma glucose, independent of meals. 
Compared to SGLT2 inhibitors, GLP-1 offers similar car
diovascular and all-cause mortality benefits but with less 
incidence of adverse events as reported recently.38

Clinical Trials on SGLT2 Inhibitors, 
Cardiovascular and Renal 
Outcomes: Current Data
In 2008, the FDA guidance mandated the evaluation of the 
effect of new antidiabetic therapy in cardiovascular out
come trials (CVOT). Three clinical trials including SGLT2 
inhibitors and cardiovascular-related outcomes in long- 
standing T2DM patients with established or at risk of 
atherosclerotic heart disease have been conducted: EMPA- 
REG OUTCOME,39 CANVAS,40 and Dapagliflozin Effect 
on Cardiovascular Events-Thrombolysis in Myocardial 
Infarction 58 (DECLARE-TIMI-58).41 However, data 
exploring primarily renal outcomes in DKD is scant. 
CREDENCE was the first trial which included 2202 
patients with CKD and eGFR from 30 to 90 mL/min/ 
1.73 m2 and albuminuria defined as urinary albumin-to- 
creatinine ratio >300–5000 mg/g. CREDENCE had the 
predetermined goal to study the cardiovascular and renal 
effect of canagliflozin in those with eGFR <60 mL/min/ 
1.73 m2 (60% of the study population).34 Characteristics of 
the study population, inclusion criteria, and specific cardi
ovascular and renal outcomes are provided in Table 2.

Dapagliflozin safety and benefits on major adverse car
diovascular events (MACE) were assessed in the 
DECLARE-TIMI-58, including patients with and without 
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cardiovascular disease (60%).41 After a median follow up of 
4.2 years, the authors found that dapagliflozin was superior 
to placebo in improving serum glucose levels and non- 
inferior (but not superior) to reduce MACE in T2DM 
[8.8% vs 9.4%, hazard ratio (HR) 0.93, 95% confidence 
interval (CI) 0.84–1.03; P < 0.001 for non-inferiority and 
P = 0.17 for superiority]. Compared to placebo, dapagliflo
zin was also found to reduce HF hospitalizations (2.5% vs 

3.3%, P < 0.05), and >40% reduction in eGFR, end-stage 
kidney disease (ESKD), or death due to renal or cardiovas
cular causes (4.3% vs 5.6%, p < 0.05). On further analysis, 
when patients were stratified by history of myocardial 
infarction (MI), dapagliflozin was found to reduce the rela
tive risk of MACE by 16% and the absolute risk by 2.6% in 
patients with prior MI (15.2% vs 17.8%, HR 0.84, 95% CI 
0.72–0.99; p = 0.039).42 Furthermore, there was no 

Table 2 Summary of Clinical Trials Studying SGLT2 Inhibitors in Cardiovascular and Renal Outcomes

DECLARE-TIMI 58 EMPA-REG 
OUTCOME

CANVAS 
Program

CREDENCE

Intervention Dapagliflozin Empagliflozin Canagliflozin Canagliflozin

Dose 10 mg 10 mg, 25 mg 100 mg, 300 mg 100 mg
Number of participants 17,160 7020 10,142 4401

Mean age (years) 63.9 63.1 63.3 63

Follow up (years) 4.2 3.1 2.4 2.6
Established CV disease (%) 41 41 66 99

RAAS inhibitors (%) 81.3 81 80.2 99.9
eGFR inclusion criteria CrCl≥60 mL/min (Cockcroft- 

Gault)

≥30 (MDRD) ≥30 (MDRD) 30–90 (CKD-EPI)

Baseline eGFR (mL/min/ 

1.73m2) 

≥90 
60–90 

45–60 

<45

8162 (47.6%) 
7732 (45.1%) 

1265 (7.4%) 

554 (5.5%)

1538 (21.9%) 
3661 (52.2%) 

1249 (17.8%) 

570 (8.1%)

2476 (24.4%) 
5625 (55.5%) 

1485 (14.6%) 

554 (5.5%)

0 
1809 (41%) 

1279 (29.1%) 

1313 (29.8%)

UACR criteria (mg/g) None None None >300–5000

Baseline UACR subgroup 

(mg/g) 

<30 
30–300 

>300

11,644 (67.9%) 
4030 (23.5%) 

1169 (6.8%)

4171 (59.4%) 
2013 (28.7%) 

769 (11%)

7007 (69.1%) 
2266 (22.3%) 

760 (7.5%)

0 
0 

4401 (100%)

Primary outcome 

(HR [95% CI])

3-point MACE 

0.93 (0.84–1.03)

3-point MACE 

0.86 (0.74–0.99)

3-point MACE 

0.86 (0.75–0.97)

Primary composite Kidney and CV 

outcome* 

0.70 (0.59–0.82)

Sec. outcomes 

(HR [95% CI]) 
CV death 

MI 

Stroke 
Hospitalization HF

0.98 (0.82–1.17) 

0.89 (0.77–1.01) 

1.01 (0.84–1.21) 
0.73 (0.61–0.88)

0.62 (0.49–0.77) 

0.87 (0.70–1.09) 

1.18 (0.89–1.56) 
0.65 (0.50–0.85)

0.87 (0.72–1.06) 

0.89 (0.73–1.09) 

0.87 (0.69–1.09) 
0.67 (0.52–0.87)

0.69 (0.57–0.83)  

0.80 (0.67–0.95)** 
0.61 (0.47–0.80)

All-cause mortality 
(HR [95% CI])

0.93 (0.82–1.04) 0.68 (0.57–0.82) 0.87 (0.74–1.01) 0.83 (0.68–1.02)

Notes: *ESRD (dialysis, transplantation, or sustained eGFR < 15 mL/min/1.73 m2), doubling of the serum creatinine, or death from renal or CV causes. **CV death, MI or 
stroke: 38.7 vs 48.7/1000 P-Y (HR 0.80; 95% CI 0.67–0.95; P=0.01), NNT=40 (23–165). 
Abbreviations: CV, cardiovascular; RAAS, renin-angiotensin-aldosterone system; eGFR, estimated glomerular filtration rate; UACR, urine albumin-creatinine ratio; HR, 
hazard ratio; MI, myocardial infarction; HF, heart failure; CI, confidence interval.
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difference in HF hospitalizations in this sub-study from 
DECLARE-TIMI-58. Interestingly, when Kato et al.43 

investigated the effects of dapagliflozin in patients with 
and without HF and reduced ejection fraction (rEF<45%), 
they found that it decreased CV death and HF hospitaliza
tions. These findings were statistically significant in patients 
with HFrEF (HR 0.62, 95% CI 0.45–0.86) compared to 
patients without HFrEF (HR 0.88, 95% CI 0.76–1.02; 
p-interaction 0.046), despite the low proportion of patients 
with HFrEF (3.9% of the study group). These findings 
could be partially explained by the combined effect of 
ACEi/ARBs, beta-blockers, and aldosterone blockers in 
patients HFrEF since SGLT2 inhibitors have been found 
to exert synergistic cardioprotective effects.44 Also, dapagli
flozin was found to reduce hospitalization for HF in both 
patients with HFrEF (HR 0.64, 95% CI 0.43–0.95) and 
without HFrEF (HR 0.76, 95% CI 0.62–0.92); while it 
only reduced CV death in the former group (HR 0.55, 
95% CI 0.34–0.90).43

The EMPA-REG OUTCOME trial allocated T2DM 
patients in a 1:1:1 fashion to either treatment with empa
gliflozin 10 mg (n = 2345), 25 mg (n = 2342), or matching 
placebo (n = 2333).39 Patients had significant history of 
atherosclerotic heart disease including MI (47%), multiple 
vessel disease (47%), coronary artery bypass grafting 
(25%), and eGFR>30% mL/min/1.73 m2. This trial 
demonstrated that compared to placebo, empagliflozin 
improved a primary composite endpoint including cardio
vascular death, myocardial infarction, or stroke (10.5% vs 
12.1%, HR 0.86, 95% CI 0.74–0.99; p < 0.001 for non- 
inferiority; p = 0.04 for superiority). When cardiovascular 
death, MI or stroke were evaluated individually, empagli
flozin was found to improve CV death rates only (3.7% vs 
5.9%, p < 0.001). Moreover, empagliflozin improved all- 
cause mortality (3.8% vs 5.1%, p < 0.01) and HF hospi
talization (2.7% vs 4.1%, p = 0.002). Likewise, improved 
renal outcomes such as worsening nephropathy (12.7% vs 
18.8%, HR 0.61, 95% CI 0.53–0.70; p < 0.001), doubling 
of serum creatinine (1.5% vs 2.6%, p < 0.001) and initia
tion of RRT (0.3% vs 0.6%, p = 0.04) were associated with 
empagliflozin when compared to placebo. EMPA-REG 
OUTCOME showed that empagliflozin held promise in 
the management of T2DM and heart disease especially 
when the kidney function is affected; even when only 
modest reductions of A1c (0.5%) were noted in the treat
ment arm. Results for composite renal outcomes were 
validated in a post hoc sensitivity analysis by Wanner 
C et al45 showing that progressive kidney disease 

(“worsening nephropathy”) was less frequent in the empa
gliflozin group when compared to placebo (12.7% vs 
18.8% HR 0.61, 95% CI 0.53–0.70; P <0.001). Likewise, 
doubling of serum creatinine level (1.5%) and initiation of 
RRT (0.3%) occurred in a minority of patients in the 
treatment arm, accounting for a 44% and 55% lower 
relative risk, respectively. Authors raised caution on 
these findings since renal benefits seen in this specific 
study population (high cardiovascular risk) may not be 
extrapolated to those T2DM patients with a low cardiac 
disease risk. Similarly, given the underrepresentation of 
ethnical minorities (African American, Asian, Hispanic, 
etc.) and patients with extreme body mass indexes 
(BMI>35-40), additional caution should be considered 
until further data is available.

The CANVAS Program,40 comprising two sister trials 
(CANVAS and CANVAS-RENAL), was designed to 
assess the safety and efficacy of canagliflozin and to eval
uate the cardiovascular and renal benefits versus the risks 
associated with this therapy including genitourinary infec
tion, diabetic ketoacidosis, and fracture.40,46 The primary 
outcome was a composite of death from cardiovascular 
causes, nonfatal MI, or nonfatal stroke, which occurred in 
26.9 participants per 1000 patient-years in the canagliflo
zin group versus 31.5 participants per 1000 patient-years 
in the placebo group (p = 0.02 for superiority, p < 0.001 
for non-inferiority). Renal outcomes including progression 
of albuminuria occurred less frequently among participants 
in the treatment arm (89.4 participants per 1000 patient- 
years) compared to those assigned to placebo (128.7 parti
cipants per 1000 patient-years); with a hazard ratio of 0.73 
(95% C I, 0.67–0.79). Furthermore, the composite out
come of sustained 40% reduction in eGFR, RRT need, or 
death from renal causes occurred less frequently in the 
treatment group (5.5 participants per 1000 patient-years) 
compared to placebo (9.0 participants per 1000 patient- 
years, HR 0.60, 95% CI: 0.47–0.77). Additionally, the 
benefit of canagliflozin appeared to be similar for patients 
with HFrEF and HF with preserved ejection fraction 
(HFpEF). Importantly, the authors found that canagliflozin 
was associated with a higher risk of amputation of toes, 
feet, or legs especially in those with underlying peripheral 
artery disease or history of amputation; a link that was no 
evidenced in EMPA-REG OUTCOME. The benefit of 
SGLT2 inhibitors in heart failure has been already 
acknowledged by some societal guidelines including the 
Heart Failure Association of the European Association of 
Cardiology.47
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DECLARE-TIMI-58, EMPA-REG OUTCOME, and 
CANVAS explored cardiovascular benefits associated 
with SGLT2 inhibitors in large groups of patients with 
variable degree of DKD (most with GFR > 60 mL/min/ 
1.73 m2). However, the question if SGLT2 inhibitors were 
effective and safe for patients with moderate to severe 
kidney function impairment was finally addressed by the 
CREDENCE trial.34 CREDENCE randomized patients 
with T2DM and eGFR from 30 to 60 mL/min/1.73 m2 to 
either canagliflozin (N=2, 202) or placebo (N=2199). The 
primary outcome was a composite of 1) ESKD (dialysis 
for at least 30 days, kidney transplantation, or persistent 
eGFR <15 mL/min/1.73 m2 for at least 30 days) and 2) 
persistent doubling serum creatinine level or death from 
renal or cardiovascular disease. CREDENCE was prema
turely stopped after 2.6 years due to the achievement of 
the primary composite endpoint in the interim analysis. 
Canagliflozin was found to decrease ESKD, doubling of 
serum creatinine, and renal or cardiovascular death com
pared to placebo (43.2 vs 61.2 per 1000 patient-years; P < 
0.001). Furthermore, renoprotective effects were seen even 
in those with more advanced kidney disease and eGFR of 
30–45 mL/min/1.73 m2 (0.75 HR, 95% CI 0.59–0.95). 
This observation is particularly important since these 
patients are at increased risk of complications including 
rapid progression of DKD, and kidney replacement ther
apy. Furthermore, the rates of AKI were comparable 
among both groups, suggesting that mild decrements of 
GFR are expected at the beginning of treatment. However, 
these changes are compensatedby the so expected “renal 
protection.” Patients in the treatment arm presented 
a slower decline in eGFR (1.52 mL/min/1.73 m2 

per year) when compared to placebo. Moreover, benefits 
were obtained in association with RAAS blockade therapy, 
which is another medication that can induce mild GFR 
reduction that are not necessarily associated with kidney 
damage. This finding supports the synergistic effect 
exerted by these medications and together could explain 
such overwhelming benefits in DKD. In addition, the 
protective kidney and cardiovascular effects were seen in 
patients with moderate-severe kidney impairment without 
a statistically significant increase in the rate of amputations 
in the treatment group compared to placebo (3.2% vs 
2.9%, HR 1.11, 95% CI: 0.79–1.56).

Among the secondary outcomes, CREDENCE demon
strated that canagliflozin was associated with a lower risk 
of cardiovascular death or hospitalization for heart failure 
(HR 0.69; 95% CI, 0.57–0.83; P < 0.001), cardiovascular 

death, MI, or stroke (HR 0.80, 95% CI: 0.67–0.95; P = 
0.01) and hospitalization for heart failure (HR: 0.61; 95% 
CI, 0.47 to 0.80; P<0.001). The hazard ratio for death from 
any cause was 0.83 (95% CI, 0.68 to 1.02). In contrast to 
the primary analysis of DECLARE-TIMI-58,41 where 
dapagliflozin did not reduce the rate of MACE in the 
treatment group compared to placebo (8.8% vs 9.4%, HR 
0.9, 95% CI: 0.84–1.03; P = 0.17), CREDENCE revealed 
a 20% reduction in atherosclerotic heart disease (MI, non- 
fatal stroke) and cardiovascular death in agreement with 
the results from CANVAS. It is unclear whether these 
differences are explained by patient-specific characteristics 
and less likely by a difference in the medication used. 
However, it is possible the burden of advanced kidney 
disease, which is a major contributor for cardiovascular 
disease, is significantly modified by SGLT2 inhibitors as 
shown in CREDENCE. CREDENCE provides additional 
information about the putative true role of SGLT2 inhibi
tor therapy in patients with advanced kidney disease. In 
CREDENCE, canagliflozin exerted greater reductions of 
A1c levels when compared to those in the placebo group 
during the initial 12 months of enrollment (mean differ
ence: −0.25%, CI −0.31% – 0.20%). However, this effect 
seemed to decrease posteriorly with an end of the study 
difference of −0.11% (95% CI −0.28–0.06, P>0.05). This 
finding requires careful interpretation since glucose low
ering effects of SGLT2 inhibitors depend on GFR and 
renal glucose excretion; compromising A1c reductions. 
Nonetheless, the benefits in the cardiorenal axis persisted 
and were clinically significant in patients with low GFR, 
suggesting that 1) SGLT2 inhibitors should be continued 
despite marginal glucose lowering effects in patients with 
CKD, 2) serum glucose targets should not mandate the 
prescription of SGLT2 inhibitors in DKD and 3) it is 
possible that additional off-target effects contribute to 
improved outcomes in renal patients.

Most recently, Dapagliflozin and Prevention of 
Adverse Outcomes in Chronic Kidney Disease (DAPA- 
CKD) explored the composite of sustained decline in the 
eGFR of at least 50%, ESKD or death from renal or 
cardiovascular causes.48 Among 4304 adult participants 
with albumin-to-creatinine ratio >200 mg/g and eGFR 
between 25 and 75 mL/min/1.73m2, there were 197 pri
mary endpoint events with dapagliflozin and 312 with 
placebo. The HR for the primary endpoint was 0.61 
(95% CI 0.51–0.72; P<0.001). These results were consis
tent in patients with and without DM2. Furthermore, 
Dapagliflozin provided cardiorenal benefits compared to 
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placebo as evidenced in the secondary endpoints includ
ing 1) worsening renal function or death from kidney 
failure (HR: 0.56, 95% CI 0.45–0.68; P<0.001), 2) hospi
talization for heart failure or cardiovascular death (HR: 
0.71, 95% CI 0.55–0.92; P=0.0089) and 3) all-cause mor
tality (HR: 0.69, 95% CI 0.53–0.88; P=0.0035). DAPA- 
CKD provides further insight in the role of SGLT2 inhi
bitors in the progression of CKD and supports their use to 
avoid the onset of cardiovascular and kidney-related com
plications among CKD patients. Due to the complexity of 
the mechanisms associated with SGLT2 inhibitors, we 
provide a comprehensive review of them based on their 
effect on multiple organs in the following lines.

Mechanism of Action: Renal and 
Extra-Renal Effects
Sodium-glucose co-transporters 2 blockade increases the 
urinary excretion of glucose and sodium, decreasing glu
cose concentrations and products of glucose metabolism in 
the renal epithelial cells. Increased delivery of sodium to 
the macula densa increases the tone in the afferent renal 
artery via TGF, ultimately reducing the intraglomerular 
pressure and mitigating the urinary excretion of albumin. 
Glucose is still absorbed downstream in the nephron 
through SGLT1 and other putative glucose transporters 
including GLUT9, which exchanges glucose for uric 
acid.13 The contribution of the latter transporter to overall 
glucose reabsorption is unknown. However, serum uric 
acid levels have been shown to decrease with SGLT2 
inhibitors in clinical studies. Therefore, net glucose excre
tion is less that it would be expected after complete 
SGLT2 blockade; being approximately 25–65% of the 
filtered glucose load.22

The natriuretic effects of SGLT2 are transient, prob
ably due to compensatory mechanisms that increase Na+ 
reabsorption such as the renin-angiotensin-aldosterone 
system (RAAS). Despite this, a negative Na+ balance is 
eventually reached, and a new steady state is set at 
a reduced level of total body Na+ composition. SGLT2 
inhibitors differ from loop diuretics and thiazide diuretics 
in that they do not lead to reflex sympathetic nervous 
system activation, thereby reducing neurohormonal 
changes and cellular stress.49 Osmotic diuresis related 
with glucose excretion and natriuresis have been hypothe
sized to explain rapid blood pressure changes induced with 
SGLT2 inhibitors. However, there is conflicting evidence 
regarding the duration of plasma volume reductions. In 

a small placebo-controlled study, Sha et al50 demonstrated 
that while the effect of canagliflozin on glycosuria and 
FPG was maintained by 12 weeks of therapy, plasma 
volume reductions were transient and only lasted 1 week. 
In contrast, Lambers Heerspink HJ et al51 demonstrated 
that blood pressure reductions were persistent after 12 
weeks of therapy with dapagliflozin. Interestingly, the 
authors noted that the median reduction in plasma volume 
was offset by a comparable increase in the hematocrit 
concentration (2.2%) in the treatment group which per
sisted even when the effect of volume contraction 
subsided.51 Moreover, SGLT2 inhibitors induce 
a negative caloric balance responsible for 2–3% weight 
loss. This is less than expected for the degree of glycosuria 
obtained with this therapy and could be related to com
pensatory mechanisms such as energy preservation and 
hyperphagia; demonstrated in animal models.52

Emerging Evidence on the Effect of 
SGLT2 Inhibitors on 
Glucose-Mediated Cellular Toxicity, 
Energetic Balance and Modulation 
of Inflammation in Renal and 
Cardiac Tissue

Glucose-Mediated Cellular Toxicity: 
Clinical and Biochemical Appraisal
Chronic hyperglycemia induces tissue damage via major 
metabolic pathways. Hyperglycemia increases glucose 
oxidation and the generation of superoxide as a part of 
the process of electron transmission in the mitochondrial 
respiratory chain. Alternatively, the excess of glucose can 
also be metabolized to sorbitol through the polyol path
way, a process that results in NADPH depletion thereby 
limiting the synthesis of the natural antioxidant glutathione 
which renders cells more prone to oxidative damage.4,53

Furthermore, high glucose concentrations in the podo
cyte activate the mammalian target of rapamycin (mTOR) 
signaling pathway via ErK1/2, resulting in energy con
sumption, endoplasmic reticulum stress, and apoptosis of 
these cells.54 Moreover, excessive intracellular glucose is 
metabolized to fructose-6-phosphate; a compound that can 
undergo further modifications in the hexosamine pathway 
and result in additional ROS generation and toxic bypro
ducts. Also, hyperglycemia promotes B-O-linkage of 
N-acetyl glucosamine (O-GlcNAc) which can induce post- 
translational modifications including the non-enzymatic 
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glycation of nuclear and plasmatic proteins and lipids; 
altering the cellular structure.53 Furthermore, AGEs play 
an important role in the progression of atherosclerosis 
through oxidative stress and pro-inflammatory responses 
through the interaction with RAGE (receptor of AGE); 
which is highly expressed in the kidneys, heart, and 
vasculature.55 These paths have been implicated in the 
overexpression of cellular signal pathways associated 
with cellular stress and fibrosis such as TGF-B1 and 
makers of cellular injury and necrosis including IL-8.56

Heart Failure, Diabetic Cardiomyopathy 
and SGLT2
From a physiological perspective, myocardial cells are 
flexible in the source of metabolic fuel used. They can 
obtain energy from glucose, free fatty acids (FFAs), lactic 
acid, ketones, etc. However, in the setting of hyperglyce
mia, insulin resistance, and hypertriglyceridemia, the myo
cardium predominantly uses FFAs and has reduced the 
ability to utilize glycolytic pathways. This is accompanied 
by impaired oxidative phosphorylation and mitochondrial 
proton leak; leading to ROS generation.57,58 Due to limited 
antioxidant capacity in the myocardium, increased ROS 
production leads to nitric oxide (NO) consumption, 
impaired cardiac relaxation, and progressive myocardial 
stiffness; hallmarks of diabetic cardiomyopathy. 
Moreover, in the failing heart, the capacity of the myocar
dium to utilize FFAs eventually becomes affected, relying 
on ketone bodies as an alternative energy source.59,60

SGLT2 inhibitors can shift the metabolism from glu
cose to fatty acid oxidation and increase plasma concen
trations of ketones.61 This fuel selection serves to a more 
efficient utilization of oxygen and to improve the mito
chondrial performance; restoring myocardial function in 
diabetes.62 Although ketone levels were not measured in 
the ‘Empagliflozin Cardiovascular Outcome Event Trial in 
Type 2 Diabetes Mellitus Patients’ (EMPA-REG 
OUTCOME)39 or in CANVAS,40 it is possible they have 
decreased heart failure admissions by restoring at least at 
some extent the heart function in these patients. This, in 
addition to providing the known diuretic and blood pres
sure controlling effects.

SGLT2 inhibitors block the sodium-hydrogen exchan
ger (NHE) isoform 1, which is expressed in the myocar
dium and plays a role in the regulation of intracellular 
pH.63 NHE1 is upregulated in heart failure, which leads 
to an increase in intracellular Ca2+ concentration, via 

increased uptake of Na+. As a result, calcium dependent- 
calcineurin signaling pathway is activated resulting in 
myocardial cell death, hypertrophy, and tissue 
damage.64,65 Additional studies have demonstrated that 
empagliflozin can block such effects mediated by 
NH1.66,67 Long-term suppression of NHE1 in animals 
has demonstrated to reduce oxidative stress and thus, 
myocardial fibrosis and left ventricular remodeling.68 

Empagliflozin has been shown to reduce myocardial oxi
dative stress and fibrosis in DM murine models after 8 
weeks of treatment.69 Furthermore, Lee TM et al70 demon
strated that dapagliflozin reduces collagen synthesis in rats 
by inhibiting myofibroblast differentiation via STAT3 sig
naling following acute MI. Dapagliflozin appears to ame
liorate some of the toxic effects of angiotensin II-stressed 
db/db mice by decreasing TNF-alpha, and Toll-like recep
tor 4 (TLR4). Dapagliflozin also inhibits the expression of 
voltage-dependent L-type calcium channel (CACNA1C), 
the sodium–calcium exchanger (NCX), and NHE mem
brane transporters; independent of glucose 
concentration.71 Collectively, this complex array of effects 
could result in cardiac protection, improved performance, 
and beneficial outcomes in patients with and without 
T2DM; as seen in EMPA-REG OUTCOME and the recent 
DAPA-HF.72

Myocardial Ischemia, Fibrosis and SGLT2 
Inhibitors
There is no evidence of SGLT2 expression in the myocar
dium. However, SGLT1 receptors are present in lower 
levels in the healthy myocardium and can be upregulated 
in pathological conditions such as ischemia and heart 
failure.73,74 It is unclear whether SGLT1 exerts protective 
or deleterious effects in the heart. While SGLT1 could 
facilitate glucose uptake in the cardiomyocyte and serve 
as an alternative energy source in hypoxic states through 
anaerobic glycolysis, SGLT1 can also mediate glycogen 
storage and hypertrophic cardiomyopathy, thereby impair
ing the energety balance of the myocyte. Li Z et al75 

demonstrated that mice with cardiomyocyte-specific 
knockdown of SGLT1 (TGSGLT1-DOWN) experience 
milder forms of myocardial I/R injury in vivo, ex-vivo, 
and in-vitro in a multistep series of experiments. 
Additionally, the authors found that SGLT1 activation is 
mediated via AMPK and ERK by binding of Sp1 and 
hepatocyte nuclear factor 1 to the Slc5a1 promoter, inten
sifying SGLT1 mRNA stability through Human Antigen 
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R, and enhancing its translocation from intracellular vesi
cles to the sarcolemma.75 Although SGLT2 inhibitors have 
a higher affinity for SGLT2 receptors compared to SGLT1, 
the administration of 10Mmol/L of canagliflozin via perfu
sion protocol (equivalent to human circulating levels of 
300 mg canagliflozin) was sufficient to block both SGLT2 
and SGLT1 in ex-vivo experiments.76 This suggests that at 
least theoretically, SGLT2 inhibitors could exert some 
effects in cases of myocardial ischemia. Moreover, Lim 
VG and colleagues demonstrated that in Zucker Diabetic 
Fatty (ZDF) and nondiabetic Zucker Lean (ZL) rats, 
administration of canagliflozin was protective against 
myocardial infarction and significantly reduced the infarct 
size.76 Compared to chow-fed ZDF rats, ZDF rats exposed 
to canagliflozin for 4 weeks experienced a statistically 
significant attenuation of the infarct size from 37 ± 3% 
to 20 ± 2% of the area at risk. Likewise, the infarct size 
decreased from 55 ± 7% to 27 ± 3% in non-diabetic rats. 
Interestingly, these benefits were not observed in ex-vivo 
series of experiments. On the contrary, after a washout 
period, acute canagliflozin administration did not reduce 
the infarct size, suggesting its effect is not necessarily 
related to receptor blockade and is different from ische
mia-induced preconditioning. Potential protective mechan
isms involved in I/R injury could be JAK-STAT signaling 
pathways modulation,77 AMPK amplification,78,79 and/or 
NHE1 inhibition.80

Renal Hemodynamics, Albuminuria and 
Progressive Kidney Disease
SGLT2 inhibitors directly reduce glomerular hyperfiltra
tion which is a key mechanism associated with rapid 
function loss and GFR decline in DKD. In a large pro
spective cohort of Caucasian patients with T2DM who 
received guideline-directed medical therapy, Ruggenenti 
P et al81 demonstrated that the average GFR decline in 
patients with DKD was 3 mL/min/1.73 m2 per year, which 
is three- to five-fold faster than that reported in the general 
population.82,83 However, long-term GFR decline was 
found to be independent of severity of albuminuria, or 
concomitant treatment with ACE inhibitors, suggesting 
that other mechanisms asides from proteinuria contribute 
to progressive renal dysfunction.81 In addition to increased 
shear stress on the glomerular capillaries and impairment 
of podocyte functioning, hyperfiltration per se increases 
tubular flow and the exposure of the kidney to higher loads 
of glucose, aminoacids, and other products.84 Glucose 

uptake results in the inhibition of AMPK leading to tubu
lar growth, lipid accumulation, and activation of PKC, 
mTOR, and TGF-β related-pathways.19,85,86 These mole
cular pathways lead to tubular hypertrophy, lipid cytoplas
mic inclusions, tubule-interstitial inflammation, hypoxia, 
and fibrosis. Furthermore, tubular load increases oxygen 
consumption leading to renal hypoxemia, ROS generation, 
and fibrosis. Also, since reabsorption of glucose, phos
phorus, aminoacids, and other products is coupled to 
sodium uptake, incremental intracellular concentrations 
of sodium and stimulation of the ATP-dependent Na+/K+ 
increase the intracellular ADP/ATP ratio. This could limit 
the energy would otherwise be directed to physiologic 
functions such as autophagy and tissue repair.87 In fact, 
mathematical modeling of Na+ dynamics and O2 handling 
in the diabetic rat predicted that diabetes increase Na+ 
transport and Na+ transport-dependent oxygen consump
tion by 50% and 100%, respectively; highlighting the 
importance of energy unbalance in the hyperfiltrating 
kidney.88 Furthermore, the increment of intracellular glu
cose promotes the generation of AGEs which binds with 
RAGE to induce further oxidative stress. Interestingly, 
RAGE, TLR-4, and High-mobility group box 1 
(HMGB1) are upregulated in renal cells in the context of 
DKD and promote marked inflammatory changes.89 This 
stresses the connection between cellular glucose toxicity 
and a pro-inflammatory profile in diabetes mellitus.

A recent study in cultures of primary human renal 
proximal tubular epithelial cells showed that high glucose 
per se increases SGLT2 expression and glucose consump
tion. ROS are overproduced, and GAPDH is inhibited. The 
intracellular accumulation of glucose due to GAPDH inhi
bition glycolytic products is diverted into four noxious 
pathways: the polyol pathway, the hexosamine pathway, 
the lipid synthesis pathway mediated by PKC activity, and 
AGEs formation pathway. Eventually, these paths lead to 
overproduction of TGF-β1 and IL-8, as well as to cell 
necrosis and apoptosis. Dapagliflozin ameliorates all the 
above cascade of events.

Renal Inflammation, Biomarkers of 
Kidney Injury and Fibrosis
In streptozocin-induced diabetic mice, treatment with 
10 mg/kg of empagliflozin during 4 weeks has been 
found to decrease HMGB1, RAGE, and TLR-4 levels in 
renal tissue.90 These changes were elicited by a reduction 
in the activity of NF-kB and attenuation of pro- 
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inflammatory and pro-fibrotic genes including TGF-B, 
fibronectin, TNF-alpha, monocyte chemoattractant pro
tein-1 (MCP1), CXCL12, and RANTES. Furthermore, 
urinary markers of kidney injury such as IL-6 and α-1 
acid glycoprotein (AGP) and caspases were also found to 
be reduced in the empagliflozin group compared to pla
cebo-treated mice. Empagliflozin has also shown to ame
liorate renal inflammation by decreasing IL-6 levels, and 
to reduce glomerular hyperfiltration and albuminuria in the 
Akita mice model (T1DM).90 However, in a separate 
experiment, empagliflozin reduced tubule-interstitial fibro
sis without improving the concentration of urinary markers 
of tubular damage [including kidney injury molecule-1 
(KIM1), neutrophil gelatinase-associated lipocalin 
(NGAL)] nor albuminuria.91 A small placebo-controlled, 
double-blind, crossover trial found that the effects of dapa
gliflozin on albuminuria are variable.92 However, EMPA- 
REG OUTCOME showed that empagliflozin reduced the 
progression to macroalbuminuria (>300 mg/dL) in the 
treatment group when compared to the placebo (11.2% 
vs 16.2%, P<0.001).39 Likewise, the CANVAS trial 
demonstrated that worsening proteinuria was less frequent 
among patients in the treatment group (89.4 participants 
per 1000 patient-years) compared to individuals in the 
control arm (128.7 participants per 1000 patient-years, 
P< 0.05).40 Furthermore, in a post hoc analysis from 
EMPA-REG OUTCOME, individuals in the treatment 
group presented lower urinary levels of IL-6, and KIM1 
when compared to placebo.93

Hypoxia, Erythropoiesis, and Tubular 
Function Changes
Hypoxia plays an important role in the development of 
renal interstitial fibrosis and in the progression to CKD. 
Preservation of renal oxygenation particularly in the 
kidney cortex has been proposed to protect kidney func
tion in patients with CKD since it is highly active in its 
metabolic demands.94 Hypoxic microenvironment in the 
proximal tubules in diabetes arises from metabolic stress 
associated with high glucose, and increased activity of 
ATP-dependent Na+/K+ pump associated with Na+ 
uptake, leading to the generation of ROS and tubular 
cell damage. This could trigger the differentiation of 
erythropoietin-producing peritubular fibroblasts into 
myofibroblasts responsible of the production of fibrotic 
tissue.95 In patients with diabetes, erythropoietin levels 
have been found to be decreased even when serum 

creatinine levels and GFR are within range.96 

Furthermore, reductions in the production of erythro
poietin have been correlated with increasing A1c 
levels.97 Treatment with empagliflozin and canagliflozin 
increases hematocrit by 2–4% compared to placebo and 
is noticed to appear early after starting therapy.51 While 
part of the hematocrit increment could be related to the 
diuretic effect associated with SGLT2 inhibitors, addi
tional studies have demonstrated that the effect of 
plasma volume reduction was transient (2–12 weeks) 
while hematocrit increments were sustained; indicating 
increased erythropoiesis.51,98 Although speculative, it is 
possible that myofibroblasts could reverse back to ery
thropoietin-producing fibroblast at least to some extent, 
a process that may involve Hypoxia-inducible factor 2 
(HIF-2) activation.87,99–101 Furthermore, an increment of 
erythropoietin could also contribute tissue protection 
through the upregulation of the renal mRNA expression 
of heme oxygenase-1, a HIF-1 induced tissue protective 
gene, as demonstrated in SGLT2 knockout rats.27 

Likewise, this effect could not only benefit the kidney 
but also extend to tissues susceptible to hypoxia such as 
the myocardium. The effect of SGLT2 inhibitors on EPO 
production and fibroblast profile modulation deserves 
further investigation as this could be a novel target to 
reduce heart failure and ESKD.

Diabetic rats exhibit low concentrations of oxygen in 
the renal cortex and medulla. Acute administration of 
phlorizin, which inhibits both SGLT2 and SGLT1, nor
malizes oxygen tension in the cortex and causes hypoxia 
in the renal medulla of anaesthetized diabetic rats.87 From 
a physiologic perspective, the medulla is a site vulnerable 
to hypoxic injury, which can further increase in the setting 
of SGLT2 inhibition. Also, SGLT2 inhibitors increase the 
delivery of glucose in O2-restricted areas such as the 
outer and inner medulla that are dependent on GLUT9; 
thereby posing tubular cells at risk of energy unbalance. 
However, there are some mechanisms that could also 
protect renal cells in the medulla from hypoxic injury. 
First, increased afferent renal vasoconstriction and GFR 
reduction with SGLT2 inhibitors limit the substrate load 
that reaches the distal portions of the nephron.44,87 Also, 
oxygen increments in the proximal renal epithelial cells 
improve their metabolic activity and ability to reabsorb 
products more efficiently. Moreover, hypoxia may induce 
HIF1 and HIF2 signaling pathways in the deep cortex/ 
outer medulla and enhance the expression of protective 
genes such as those encoding for heme oxygenase-1.27,87 
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Furthermore, activation of HIF2 in fibroblasts could 
increase the production of erythropoietin, which at the 
same time increases the hematocrit and renal oxygen 
delivery.94,100,101

Paradigm Shifts in Diabetes 
Management: Evidence and 
Limitations in Real World Practice
The understanding of diabetes mellitus has evolved along 
with the emerge of SGLT2 inhibitors. There is increase the 
attention on drugs that can potentially ameliorate cellular 
and metabolic stress in key tissues which can ultimately 
serve to decrease the incidence of end-organ damage. It is 
possible that the modulation of cardiorenal metabolic 
stress and inflammatory signal pathways play a role.102 

However, it is challenging to accurately identify the acti
vation of cellular and molecular processes by means of 
serum or urinary samples.93 Further studies are needed to 
investigate the role of SGLT2 inhibitors in the primary 
prevention of cardiovascular disease in T2DM. The novel 
clinical trial DAPA-CKD supports the benefits of SGLT2 
inhibitors not only among patients with DM2 but also in 
patients who do not have this condition. Thus, these med
ications have major participation in the reduction of pro
gressive kidney disease and associated complications. The 
Study of the Heart and Kidney Protection with 
Empagliflozin (EMPA-KIDNEY, NCT03594110) will 
shed additional light into the role of SGLT2 inhibitors in 
non-diabetic kidney disease.

Despite the overwhelming body of evidence in favor of 
SGLT2 inhibitors, major clinical trials have been limited in 
some aspects. First, they have enrolled predominantly 
Caucasian participants whereas ethnical minorities such as 
African American and Latino/Hispanic populations that also 
suffer from the high burden of T2DM, CKD, and cardio
vascular disease have been underrepresented.103 Moreover, 
there is a paucity of patients in the extremes of age (>65 or 
<30). The benefit of these medications should be explored in 
those patients in view of the alarming rates of HTN, obesity, 
and other risk factors for metabolic and kidney disease 
among young individuals or the cumulative risk of cardior
enal death and ESKD in patients with advanced age.104–107 

Second, clinical trials mainly included participants at high 
cardiovascular risk and the number of adverse events 
(MACE) may be intrinsically high; overestimating the ben
efits of SGLT2 inhibitors. Additional studies including 
patients at low risk for major cardiovascular endpoints 

would be important to understand the best clinical utility 
of these medications. Third, despite large randomized clin
ical trials provide valued insight of the prospective effects of 
SGLT2 inhibitors, they only offer a short-medium term 
view, and while the safety profile appears to favor the use 
of these medications, more data may be needed.108 This 
information could be a help to the incorporation of SGLT2 
inhibitors in the practice of general providers and their 
societal guidelines.

Conclusion
SGLT2 inhibitors are a novel class of antidiabetic medi
cation that shows great promise in the management of 
cardiovascular and renal complications in T2DM. 
Emerging evidence suggests a modulatory role in cellular 
stress, biochemical balance and inflammation asides from 
their proven glucose lowering effects. SGLT2 inhibitors 
have demonstrated to reduce the incidence of athero
sclerotic disease including MI, and non-fatal stroke, car
diovascular death and to prevent heart failure related 
complications in patients with variable degrees of kidney 
function. Also, SGLT2 inhibitors decrease the progres
sion of DKD, AKI, and kidney replacement therapy 
needs in large clinical trials. Therefore, SGLT2 inhibitors 
should be considered in the management of T2DM 
patients with evidence of cardiovascular or renal disease. 
Future studies need to focus on the generalizability of the 
current data by including patients at different stages of 
cardiac, renal, and metabolic disease.
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