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Abstract: Results from recent randomized controlled trials on inhibitors of the sodium-glucose
cotransporter 2 (SGLT2) have determined a paradigm shift in the treatment of patients with type
2 diabetes mellitus. These agents have been shown not only to ameliorate metabolic control, but
also to independently protect from cardiovascular events and to reduce the progression of chronic
kidney disease (CKD) in these patients. The magnitude of the nephroprotective effect observed
in these studies is likely to make SGLT2 inhibitors the most impactful drug class for the treatment
of diabetic patients with CKD since the discovery of renin–angiotensin system inhibitors. Even
more surprisingly, SGLT2 inhibitors have also been shown to slow CKD progression in non-diabetic
individuals with varying degrees of proteinuria, suggesting that activation of SGLT2 is involved in
the pathogenesis of CKD independent of its etiology. As indications continue to expand, it is still
unclear whether the observed benefits of SGLT2 inhibitors may extend to CKD patients at lower risk
of progression and if their association with other agents may confer additional protection.

Keywords: empagliflozin; dapagliflozin; canagliflozin; sotagliflozin; ertugliflozin; proteinuria; re-
nal failure

1. Introduction

The active process of glucose reabsorption in renal tubular cells is regulated by the
activity of molecules called sodium-glucose cotransporters (SGLT). The SGLT cotrans-
porters ensure that the approximately 200–300 g of glucose normally filtered every day
at the glomerular level under physiological conditions is almost completely reabsorbed.
The SGLT2 isoform, present in the S1 tract of the proximal tubule, is responsible for the
reabsorption of more than 90% of the filtered glucose load, while SGLT1, the distal isoform
found in S2 and S3 segments, has an increased affinity for glucose but with lower absorption
capacity [1,2].

Selective inhibition of SGLT channels by phlorizin derivatives, called SGLT2 inhibitors
(SGLT2is) or gliflozins, has profound metabolic and hemodynamic effects. Following
the amazing results shown in randomized controlled trials in terms of protection from
cardiovascular events [3], several drugs belonging to this class have been approved for the
treatment of patients with diabetes mellitus. More recently, SGLT2is have also demonstrated
marked efficacy in the prevention of chronic kidney disease (CKD) progression independent
of diabetes status [4], with an effect size of such proportions as to determine a paradigm
shift in the treatment of patients with kidney disease.

In this review, we summarize the available data about the systemic and renal effect of
these drugs and discuss the results of the most recent studies dedicated to patients with
CKD.
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2. Nephroprotective effects of SGLT2is

In healthy subjects, the tubular glucose reabsorption capacity is almost complete up to
blood glucose values of approximately 160–180 mg/dL [5]. In diabetic patients, this thresh-
old increases to about 250 mg/dL due to the development of compensatory mechanisms
consequent to the high glycemic load, which include proximal tubular hypertrophy with
an increase in SGLT2 expression [6]. In patients with CKD, even in the absence of diabetes,
a phenomenon of single-nephron hyperfiltration occurs, linked to the adaptive responses
due to the progressive decrease in the number of functional units [7]. Consequently, even
with normal glycemia, this state determines the filtration and reabsorption of an increased
glycemic load for each single nephron [8]. Under these conditions, inhibition of SGLT
channels results in effects that extend far beyond simple glycosuria.

Data from early clinical trials of SGLT2is have shown that these drugs reduce gly-
cated hemoglobin levels by 0.5–1.0% without causing hypoglycemic events [9]. This
occurs because the glucose reabsorption threshold at the tubular level is reduced by these
drugs to values not lower than 75 mg/dL, well above the threshold for symptomatic
hypoglycemia [10]. Lower glycaemia and improvement of insulin resistance lead to a
reduction in microvascular complications in the long term, and the increased production
of ketone bodies due to a higher glucagon/insulin ratio may improve energy utilization
and mitochondrial function [11]. Additional metabolic changes contribute to the renal
protective effects (Figure 1). The reduction in glucose reabsorption at the tubular level leads
to a reduction in energy expenditure by the basolateral Na+-K+-ATPase to maintain the
sodium gradient necessary for luminal cotransport [12]. This results in lower metabolic
consumption and workload of the tubular cells, making them less susceptible to damage.
Furthermore, glucose uptake by the tubular cells increases their glycolytic metabolism,
which makes them more prone to epithelial–mesenchymal transition, a state that preludes
fibrosis [13]. In vitro studies have also shown that high glucose levels exert direct toxicity
in proximal renal tubular cells by inducing oxidative stress and advanced glycation end-
products, p21-dependent senescence and production of proinflammatory and profibrotic
mediators, effects that are counteracted by SGLT2 inhibition [14,15]. The inhibition of
these mechanisms may therefore partly explain the protective effect of SGLT2is on the
progression of renal failure, especially in diabetic patients.

However, the protective effects of SGLT2is on the kidney appear to be independent of
their effects on blood sugar levels [16], and have been predominantly ascribed to modifica-
tions in renal hemodynamics. The alteration of the tubuloglomerular feedback mechanism
with consequent hyperfiltration is a known driver of CKD progression in diabetic pa-
tients [17]. Decreased sodium delivery to the macula densa due to proximal tubular
hypertrophy causes decreased adenosine release, resulting in vasodilatation of the affer-
ent arteriole and increase in intraglomerular pressure [18]. Although comparatively less
pathogenetically defined, CKD patients without diabetes may show several similarities
with these mechanisms. As already highlighted, single-nephron hyperfiltration and hyper-
reabsorption are common in CKD due to the mismatch between the number of residual
functional units and metabolic demand. Moreover, alterations of tubuloglomerular feed-
back and glomerular perfusion autoregulation have also been described in CKD [19,20].
Thus, SGLT2 inhibition increases distal sodium delivery, which in turn promotes the tubu-
loglomerular feedback and leads to restoration of intraglomerular pressure. Furthermore,
SGLT2i administration appears to result in adenosine-mediated efferent arteriolar dilata-
tion, even in patients with effective inhibition of the renin–angiotensin system (RAS) [21].
These changes result in the initial GFR dip observed in patients initiating SGLT2is, which
closely resembles that seen at the initiation of therapy with RAS antagonists and should
be regarded as a sign of hemodynamic efficacy rather than representing a matter of con-
cern [22]. As described below, data from trials as well as from real-world experiences [23]
convincingly showed that the incidence of acute kidney injury is reduced in patients who
are prescribed SGLT2is. The traditional threshold to define an acceptable creatinine rise
after RAS inhibitor initiation (up to a 30% increase from baseline) seems to be a reasonable
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choice to inform the decision on whether SGLT2i treatment should be withheld and volume
status reassessed [24].

Other pleiotropic effects of SGLT2is include an increase in natriuresis with a reduction
in circulating volume [25] and a modest reduction in systemic blood pressure, typically
about 4 mmHg for systolic and 2 mmHg for diastolic BP [26]. This effect on blood pressure is
maintained even at advanced CKD levels, probably due to the improvement of endothelial
function and the reduction in sympathetic nerve activity that are recorded early in the course
of therapy [27]. SGLT2is also reduce the levels of some proinflammatory mediators, such
as IL-6, TNF and C-reactive protein [28,29], and not only reduce body mass over time [26]
but also modify the characteristics of perirenal fat by reducing its proinflammatory and
fibrogenic capacity [30].

Overall, it is difficult to pinpoint a single mechanism responsible for the protective ef-
fect of SGLT2is on CKD progression. The most probable hypothesis is that the combination
of these factors could have led to the results observed in clinical trials.
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3. SGLT2is in Diabetic Patients
3.1. RCT with Primary Cardiovascular Endpoints

As a direct consequence of the 2008 FDA recommendations regarding the need to
demonstrate cardiovascular safety for any new antidiabetic agent, several SGLT2is have
been studied in randomized controlled trials with cardiovascular events as the primary
outcome. The secondary analyses of these trials were the first to show a protective effect of
SGLT2is on CKD progression.

The EMPA-REG OUTCOME trial enrolled 7020 patients with type 2 diabetes mel-
litus and high cardiovascular risk, with a GFR > 30 mL/min [31]. Randomization to
empagliflozin not only reduced the risk of reaching the combined primary endpoint of
major cardiovascular events by 14%, but exploratory analyses also showed a significant
reduction (HR [95%CI]: 0.54 [0.40–0.75]) in the composite renal endpoint of doubling of
serum creatinine, initiation of renal-replacement therapy or death from renal disease [32].
Consistently, treatment with empagliflozin was associated with an adjusted mean difference
in eGFR compared to placebo of 4.7 mL/min/1.73 m2 over the 3.1-year median follow-up
of the trial. These effects were independent of the drug dose, CKD stage and the severity of
proteinuria.

The CANVAS program combined data from two trials enrolling a total of 10.142
diabetic patients at high cardiovascular risk, 72% of whom had a previous history of
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atherosclerotic vascular disease [33]. This trial also excluded patients with eGFR < 30
mL/min/1.73 m2, but 30% of enrolled subjects had micro- or macroalbuminuria at baseline.
Allocation to canagliflozin reduced the primary composite cardiovascular endpoint by
14%, but the risk reduction in hard renal outcomes was even more striking (HR [95%CI]:
0.60 [0.47–0.77]). Consistent with the pharmacological action of canagliflozin, regression of
albuminuria was observed more frequently in patients randomized to the drug compared
to placebo.

The effect of dapagliflozin on cardiovascular outcomes was evaluated in the DECLARE–
TIMI 58 study, the largest trial for SGLTis so far, with a total of 17.160 enrolled diabetic
patients [34]. Dapagliflozin significantly reduced the incidence of cardiovascular death and
hospitalizations for heart failure but did not reduce the incidence of major cardiovascular
events. The trial excluded subjects with eGFR < 60 mL/min, but still reported a significant
reduction in the renal composite outcome (HR [95%CI]: 0.76 [0.67–0.87]).

Though extremely informative, these trials were not designed to primarily assess the
effects of SGLT2is on kidney outcomes. For this reason, the SCORED trial, which specifically
enrolled diabetic patients with CKD (eGFR between 25 and 60 mL/min/1.73 m2), reported
a reduction in the incidence of cardiovascular death, hospitalizations and urgent visits
for heart failure, but failed to observe a significant effect on kidney-related outcomes [35].
Similarly, the VERTIS CV trial, although successful on the primary cardiovascular outcome,
failed to observe a significant effect of ertugliflozin on renal endpoints [36]. Even in this
cohort of patients, however, exploratory analyses showed that ertugliflozin had a favorable
placebo-adjusted eGFR slope of more than 0.75 mL/min/1.73 m2 per year [37].

Several additional randomized controlled trials were conducted to evaluate the effect
of SGLT2is on cardiovascular outcomes in patients with heart failure with or without
diabetes (DAPA-HF [38,39], EMPEROR-Reduced [40], EMPEROR-Preserved [41], DE-
LIVER [42] and SOLOIST-WHF [43]). These studies all showed a significant benefit of
SGLT2is on primary composite cardiovascular endpoints. Moreover, though not powered
for renal outcomes, secondary analyses of these trials also consistently showed a reduction
in the rate of GFR decline in patients allocated to SGLT2is. Of note, this effect seemed to be
present in both diabetic and non-diabetic patients in the DAPA-HF trial [39].

3.2. RCT with Primary Renal Endpoints

The CREDENCE study was the first trial to assess the effect of SGLT2is on kidney-
related outcomes. This trial enrolled 4401 patients with type 2 diabetes and albuminuric
CKD (eGFR of 30–90 mL/min/1.73 m2 and UACR of 300–5000 mg/g) on maximally
tolerated RAS inhibitor background therapy [44]. The trial was stopped early after a
planned interim analysis due to achievement of prespecified efficacy criteria: after a median
follow-up of 2.6 years, canagliflozin significantly reduced the incidence of the composite
outcome of end-stage kidney disease, doubling of serum creatinine or death from renal
causes (HR [95%CI] 0.66 [0.53–0.81]). The effects were consistent across prespecified
subgroups, which included strata based on estimated GFR and UACR levels. The change
in the estimated GFR slope favored the canagliflozin arm, with a between-group difference
of 1.52 mL/min/1.73 m2 per year. Following the publication of these results, the KDIGO
guidelines for diabetes management in CKD recommended the use of SGLT2is as first-line
treatment with metformin [45].

4. SGLT2is in Non-Diabetic Patients with CKD

Albeit groundbreaking, the CREDENCE trial could not answer the key question of
whether the nephroprotection conferred by SLGT2i could extend also to CKD patients
without diabetes. The DAPA-CKD trial was designed to test this hypothesis, by including
4304 diabetic and non-diabetic patients with CKD (eGFR of 25–75 mL/min/1.73 m2 and
UACR of 200 to 5000 mg/g) receiving a stable dose of RAS blockers for at least 4 weeks
before enrollment [46]. This trial was also stopped early at a median follow-up of 2.4
years, with dapagliflozin reducing the risk of reaching the primary combined endpoint
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(GFR decline > 50%, end-stage kidney disease, or death from renal or cardiovascular
causes) by a staggering 39%, which further increased when the renal components of the
outcome were considered separately (HR [95%CI] 0.56 [0.45–0.68]). These effects were
consistent across levels of renal function and albuminuria, but the absolute novelty was
that dapagliflozin was equally effective in non-diabetic patients, with a large effect size
on the primary endpoint (HR [95%CI] 0.50 [0.35–0.72]). With 19 patients as the number
needed to treat to prevent one primary outcome event, SGLT2is demonstrated to be the
most effective class of drugs for the prevention of CKD progression since the discovery of
RAS inhibitors. As previously observed, dapagliflozin induced an acute dip in the GFR,
which thereafter stabilized, leading to a between-group difference of 0.93 mL/min/1.73
m2 per year in favor of the drug compared to placebo over the whole study duration. In
this population, quality-adjusted life year gain due to SGLT2i use was estimated between
0.82 and 1.00 by cost-effectiveness analyses [47]. Trial-level estimates from DAPA-CKD
were also used to calculate the absolute estimated benefit of combined treatment with
RAS and SGLT2 inhibitors in non-diabetic patients with CKD and albuminuria [48]. For
a 50-year-old patient until the age of 75 years, the drug combination provided a 7.4-year
gain in kidney-failure-free survival compared to a theoretical control not receiving any
treatment.

Recently published results from the EMPA-KIDNEY trial confirmed and expanded
these findings [49]. This study enrolled 6609 CKD patients on background RAS inhibi-
tion with a broader range of severity, including subjects with an eGFR between 20–45
mL/min/1.73 m2 or those with eGFR between 45–90 mL/min/1.73 m2 and a UACR of
at least 200 mg/g. Importantly, the trial included 3569 subjects without diabetes and
2282 participants with advanced CKD (eGFR < 30 mL/min/1.73 m2). At variance with
previous studies, EMPA-KIDNEY enrolled 3192 patients (48.3%) with UACR <300 mg/g,
1328 of whom were normoalbuminuric. The study was stopped at a median follow-up
of 2 years because empagliflozin demonstrated clear efficacy in reducing the risk of the
primary composite outcome of kidney disease progression (decrease in eGFR of ≥40%
from baseline, end-stage kidney disease or death from renal causes) and cardiovascular
death (HR [95%CI] 0.72 [0.64–0.82]). As reported in the DAPA-CKD trial, the drug effect
was similar in patients with and without diabetes. EMPA-KIDNEY also provided solid
evidence that the effect of the drug was maintained in patients with severe CKD at baseline
(eGFR of 20–30 mL/min/1.73 m2), finally confirming that even patients with advanced
CKD benefit from SGLT2 inhibition. Compared to placebo, the drug reduced the outcome
of kidney progression by 29% and significantly decreased hospitalization by any cause
(HR [95%CI] 0.86 [0.78–0.95]). Previous studies suggested that, in diabetic patients, the
nephroprotective effects of SGLT2is could be independent of the degree of proteinuria
at the start of treatment [50]. In the EMPA-KIDNEY trial, however, some evidence of a
larger risk reduction in patients with higher UACR was observed: the risk of reaching
the primary endpoint was reduced by 23% with UACR > 300 mg/g, compared to a non-
significant risk reduction of 9% in patients with UACR between 30–300 mg/g and a 1%
increase in those with normal albuminuria. This effect, however, should be considered
in the context of the relatively short trial period, which heavily reduced the number of
events in patients at lower risk of progression. Indeed, when considering the long-term
GFR reduction (i.e., the slope from 2 months to the last visit of the trial, after the initial
dip in GFR caused by empagliflozin), the effect of SGLT2 inhibition was evident across all
levels of UACR, with absolute differences of 1.76, 1.20 and 0.78 mL/min/1.73 m2 per year
in favor of empagliflozin for each albuminuria class, respectively.

A recent collaborative meta-analysis of 13 RCTs led by the ‘SGLT2 inhibitor Meta-
Analysis Cardio-Renal Trialists’ Consortium’ (SMART-C) was conducted to provide solid
effect estimates of SGLT2i use in patients without diabetes (Table 1) [4]. The authors
extracted summary-level data on 90,413 patients, both from available reports and unpub-
lished information directly provided by trial investigators. Overall, treatment with SGLT2is
reduced the risk of CKD progression (defined by sustained eGFR decrease ≥50% or < 15



Biomedicines 2023, 11, 279 6 of 11

mL/min/1.73 m2, end-stage kidney disease or death from kidney failure) by 37%, with
a similar effect size in diabetic and non-diabetic patients. When the CDK trials were con-
sidered separately, the allocation to SGLT2is conferred protection from CKD progression
of 40% in diabetic kidney disease, 30% in patients with ischemic/hypertensive kidney
disease, 40% in patients with glomerulonephritis and 26% in patients with CKD of un-
known etiology. Sensitivity analyses also suggested that this benefit was not modified by
baseline renal function and albuminuria, and SGLT2is also conferred protection from acute
kidney injury and cardiovascular events. Estimates of absolute benefit showed that the
use of SGLT2is in diabetic patients led to a reduction in 11 kidney disease progressions, 4
episodes of acute kidney injury and 11 cardiovascular events per 1000 patient/years. The
reduction in cardiovascular events was less marked in non-diabetic patients (−2 events per
1000 patient/years) as a consequence of the lower number of events accrued, but in this
population the absolute benefit on renal events was maintained (−15 CKD progressions
and −5 AKI episode per 1000 patient/years, respectively).

Table 1. Main outcomes of SGLT2i trials as summarized by SMART-C investigators [4]. Outcomes
shown include kidney disease progression (sustained eGFR decrease ≥50% or < 15 mL/min/1.73 m2,
end-stage kidney disease or death from kidney failure), acute kidney injury (MedDRA Preferred Term
for AKI) and the combined endpoint of cardiovascular death and hospitalization for heart failure.

Randomized
Controlled Trial

Kidney Disease
Progression

(RR [95%CI])

Acute Kidney
Injury

(RR [95%CI])

CV Death and HF
Hospitalization

(RR [95%CI])

Diabetic Patients
EMPA-REG OUTCOME 0.51 [0.35–0.76] 0.41 [0.27–0.63] 0.66 [0.55–0.79]
CANVAS 0.61 [0.45–0.83] 0.66 [0.39–1.11] 0.78 [0.67–0.91]
DECLARE-TIMI 58 0.55 [0.39–0.76] 0.69 [0.55–0.87] 0.83 [0.73–0.95]
SCORED 0.71 [0.46–1.08] 1.04 [0.81–1.35] 0.77 [0.66–0.91]
VERTIS CV 0.76 [0.49–1.19] 0.95 [0.57–1.59] 0.88 [0.75–1.03]
DAPA-HF 0.73 [0.39–1.34] 0.79 [0.50–1.25] 0.75 [0.63–0.90]
EMPEROR-Reduced 0.52 [0.26–1.03] 0.77 [0.46–1.28] 0.72 [0.60–0.87]
EMPEROR-Preserved 0.82 [0.53–1.27] 0.69 [0.50–0.97] 0.79 [0.67–0.94]
DELIVER 0.87 [0.54–1.39] 1.13 [0.68–1.63] 0.80 [0.68–0.93]
SOLOIST-WHF - 0.94 [0.55–1.59] 0.71 [0.56–0.89]
CREDENCE 0.64 [0.52–0.79] 0.85 [0.64–1.13] 0.69 [0.57–0.83]
DAPA-CKD 0.57 [0.45–0.73] 0.66 [0.46–0.96] 0.70 [0.53–0.92]
EMPA-KIDNEY 0.55 [0.44–0.71] 0.88 [0.64–1.20] 0.78 [0.60–1.03]
Non-Diabetic Patients
DAPA-HF 0.67 [0.30–1.49] 0.60 [0.34–1.08] 0.73 [0.60–0.89]
EMPEROR-Reduced 0.50 [0.17–1.48] 0.56 [0.32–0.98] 0.78 [0.64–0.97]
EMPEROR-Preserved 0.68 [0.33–1.40] 0.80 [0.52–1.23] 0.78 [0.64–0.95]
DELIVER 1.01 [0.51–1.97] 0.64 [0.41–1.02] 0.82 [0.68–0.99]
DAPA-CKD 0.51 [0.34–0.75] 0.75 [0.39–1.43] 0.79 [0.40–1.55]
EMPA-KIDNEY 0.74 [0.59–0.95] 0.63 [0.41–0.97] 1.04 [0.65–1.67]

5. SGLT2is and Glomerulonephritis

SGLT2i trials with primary renal endpoints also included a large number of patients
with glomerulonephritis as the cause of CKD, even though they excluded those who had
received immunosuppressive therapy in the previous 3–6 months.

The DAPA-CKD trial enrolled 270 patients with IgA nephropathy (IgAN) on stable
background RAS blockade. Only 14.1% of these patients were diabetic, and mean eGFR
and UACR were 43.8 mL/min/1.73 m2 and 900 mg/g, respectively. In patients with
biopsy-proven IgAN (94%), a prespecified secondary analysis found that dapagliflozin
significantly reduced the risk of CKD progression, defined as a combined renal endpoint
of eGFR decline > 50%, kidney failure or renal death (HR [95%CI] 0.23 [0.09–0.63]) [51].
As in the main trial, this effect did not differ across subgroups defined by baseline eGFR
and UACR categories. Patients randomized to dapagliflozin experienced a reduction in
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UACR of 26% during the follow-up and a significantly slower CKD progression, with an
eGFR difference between treatment arms of 2.4 mL/min/1.73 m2 per year after the initial
dip resulting from SGLT2i initiation. The EMPA-KIDNEY trial protocol did not plan to
conduct similar subgroup analyses in IgAN patients, but these were reported by SMART-C
investigators in their meta-analysis [4]. With 817 patients diagnosed with IgAN enrolled
in the study, EMPA-KIDNEY is the largest RCT conducted to date in this population.
Combining results from EMPA-KIDNEY and DAPA-CKD showed a 51% reduction in the
risk of CKD progression in IgAN. These results are likely to heavily impact not only clinical
practice but also the design of future trials for interventions aimed specifically at IgAN.

DAPA-CKD and EMPA-KIDNEY also provided interesting, albeit less conclusive,
information on the effect of SGLT2is in patients diagnosed with focal segmental glomeru-
losclerosis (FSGS). Among the 115 subjects included in the DAPA-CKD trial with FSGS
reported as the cause of CKD, 104 (90%) had undergone bioptic confirmation and were
included in secondary analyses [52]. At randomization, these patients had a mean eGFR
of 42 mL/min/1.73 m2 and median UACR of 1248 mg/g, and there were comparatively
more diabetic subjects in the placebo arm. Due to the relatively small number of events, the
primary renal endpoint did not significantly differ between treatment arms. However, the
between-group difference in UACR was 19.7% in favor of dapagliflozin, and the chronic
eGFR decline rates were −1.9 and −4.0 mL/min/1.73 m2 per year in the dapagliflozin
and placebo arm, respectively [52]. No data about proteinuria reduction or renal function
decline are yet available from the EMPA-KIDNEY trial, but the primary renal outcome in
the FSGS patients included in the study did not significantly differ between randomization
arms (HR [95%CI] 1.24 [0.47, 3.25]) [4].

Notwithstanding the positive observations from DAPA-CKD subgroup analyses, these
results should be interpreted with caution. Indeed, FSGS is a pattern of injury common to
several pathogenic mechanisms that can be extremely different from each other in terms
of short- and long-term outcomes. Not only did these trials also include patients without
a bioptic confirmation of FSGS, which is arguably the only way to confidently make this
diagnosis, but they were not designed to stratify patients according to the underlying FSGS
form. Considering the pathogenic mechanisms, patients with secondary, maladaptive FSGS
would be indeed more likely to benefit from interventions targeting renal hemodynamics
such as SLGT2is. On the other hand, patients with primary, presumably immune-mediated
forms or genetic FSGS may be less likely to respond to this approach. Since no data about
baseline characteristics of these patients in the EMPA-KIDNEY trial are available, a direct
comparison of FSGS patients included in the two studies is unfortunately not possible. It is
tempting to speculate, however, that the UACR cap of 5000 mg/g included among criteria
for enrollment in the DAPA-CKD trial might have reduced the proportion of patients with
more progressive disease, i.e., those with severe nephrotic syndrome. Ad hoc trials with
rigorous inclusion and stratification criteria as well as an adequately long follow-up will be
required to assess the effectiveness of SGLT2is on kidney outcomes in these patients.

6. Adverse Effects of SGLT2is

Even though all the trials conducted on SGLT2is have clearly shown their favorable
efficacy and safety profile, some potential adverse effects have been reported and should
be considered when prescribing this class of drugs.

By pooling the results of most of these trials, the SMART-C investigators have tried
to address some of the major safety concerns [4]. Owing to their primary mechanism of
action, i.e., the excretion of glucose in urine, it is unsurprising that one of the first safety
signals reported was a higher rate in mycotic genital infections. Recent estimates confirm
this notion and confirm that this adverse event is 3.57 times more likely in patients who
are prescribed SGLT2is. Overall, there was also a significant, albeit modest (8%), increase
in the risk of urinary tract infections, but the rate of serious events in this category was
comparable between allocation arms. The CANVAS program originally raised an alert
for the use of SGLT2is in diabetic patients due to a doubling of the risk of lower limb
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amputations. Although this was not confirmed by other trials considered separately and
results from previous meta-analyses were inconclusive [53], pooled analyses conducted
by SMART-C investigators revealed a 15% increase in the risk of this complication in
diabetic patients. The risk was comparable between SGLT2is and placebo in non-diabetic
individuals. Finally, the risk of euglycemic ketoacidosis in diabetic patients is more than
doubled by SGLT2is, although the actual absolute number of events was very low (less
than 0.3% of total patients developed one episode).

7. Future Perspectives

SGLT2is will likely continue to revolutionize the treatment of patients with chronic
kidney disease in the foreseeable future. There is now compelling evidence of the bene-
ficial effect of these drugs on cardiovascular and renal endpoints in CKD patients with
diabetes or albuminuria, but several questions remain to be answered. Despite encour-
aging signals from RCTs, the benefit for non-diabetic patients without albuminuria still
needs to be confirmed with more solid data, which would likely require studies of longer
duration. Available evidence clearly supports the use of SGLT2is in CKD down to a GFR
of 20 mL/min/1.73 m2, but there are currently no data for the efficacy and safety below
this threshold. Several trials are under way to provide an answer to this question: the
RENAL LIFECYCLES trial (NCT05374291) will assess renal and cardiovascular endpoints
in 1500 patients with advanced CKD (eGFR < 25 mL/min/1.73 m2), transplanted (eGFR ≤
45 mL/min/1.73 m2) or on maintenance dialysis (with significant residual diuresis). Several
additional, smaller RCTs have been designed to focus specifically on the effects of SGLT2
inhibition in hemodialysis patients (NCT05179668 and NCT05614115), peritoneal dialysis
patients (NCT05250752) or kidney transplant recipients (NCT04906213 and NCT04965935).

SGLT2 inhibition and RAS blockade will likely become the standard of care for patients
with CKD, but their association with other therapeutic agents may provide additional
benefits by targeting different components of CKD mechanisms.

Several studies have shown that mineralocorticoid receptor antagonists (MRA) have
an antiproteinuric effect in diabetic CKD patients (reviewed in [54]). More recently, the
non-steroidal MRA finerenone has been shown to lower the risk of CKD progression and
cardiovascular events in moderately proteinuric CKD patients with type 2 diabetes [55].
The therapeutic combination of SGLT2is with MRA on background RAS inhibitors has
been explored in a pilot crossover trial that randomized proteinuric CKD patients to receive
dapagliflozin, eplerenone or both drugs for 4-week intervals. The combined treatment
resulted in an additive effect on proteinuria reduction, which was −19.6% for dapagliflozin
alone, −33.7% for eplerenone alone and −53% for the combination [56]. The ongoing
CONFIDENCE trial (NCT05254002) is expected to randomize 807 participants with CKD
and proteinuria to finerenone, empagliflozin or both drugs, and assess the effect of the
combined treatment on UACR.

Finally, another class of drugs that has been attracting attention is that of endothelin
receptor antagonists (ERA). These agents have been shown to reduce albuminuria in
diabetic and non-diabetic patients with CKD, though at the cost of inducing sodium
retention and edema [57,58]. The association of SGLT2is to ERA may result in a synergistic
effect and reduce the adverse effect of sodium retention. To test this hypothesis, the
ongoing phase 2 ZENITH-CKD trial (NCT04724837) will assess the effect of dapagliflozin
and zibotentan on proteinuria in patients with CKD.

These studies are encouraging, as they could further extend the use of SGLT2is and
identify patients in whom a combination of drugs with a multitarget effect may be more
effective.
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I.S.; Bělohlávek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. J. Med. 2019, 381,
1995–2008. [CrossRef]

39. Jhund, P.S.; Solomon, S.D.; Docherty, K.F.; Heerspink, H.J.L.; Anand, I.S.; Böhm, M.; Chopra, V.; de Boer, R.A.; Desai, A.S.; Ge, J.;
et al. Efficacy of Dapagliflozin on Renal Function and Outcomes in Patients with Heart Failure With Reduced Ejection Fraction.
Circulation 2021, 143, 298–309. [CrossRef]

40. Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [CrossRef]

41. Anker, S.D.; Butler, J.; Filippatos, G.; Ferreira, J.P.; Bocchi, E.; Böhm, M.; Brunner–La Rocca, H.-P.; Choi, D.-J.; Chopra, V.;
Chuquiure-Valenzuela, E.; et al. Empagliflozin in Heart Failure with a Preserved Ejection Fraction. N. Engl. J. Med. 2021, 385,
1451–1461. [CrossRef]

42. Solomon, S.D.; McMurray, J.J.V.; Claggett, B.; de Boer, R.A.; DeMets, D.; Hernandez, A.F.; Inzucchi, S.E.; Kosiborod, M.N.; Lam,
C.S.P.; Martinez, F.; et al. Dapagliflozin in Heart Failure with Mildly Reduced or Preserved Ejection Fraction. N. Engl. J. Med.
2022, 387, 1089–1098. [CrossRef]

http://doi.org/10.1016/j.kint.2019.09.013
http://doi.org/10.2215/CJN.02480221
http://www.ncbi.nlm.nih.gov/pubmed/33879500
http://doi.org/10.1111/dom.13532
http://www.ncbi.nlm.nih.gov/pubmed/30207040
http://doi.org/10.1016/j.ekir.2022.04.094
http://www.ncbi.nlm.nih.gov/pubmed/35812300
http://doi.org/10.1111/dom.12127
http://www.ncbi.nlm.nih.gov/pubmed/23668478
http://doi.org/10.1371/journal.pone.0166125
http://www.ncbi.nlm.nih.gov/pubmed/27835680
http://doi.org/10.1186/1475-2840-13-28
http://doi.org/10.1152/ajprenal.00520.2013
http://doi.org/10.1016/j.ebiom.2017.05.028
http://doi.org/10.3390/ijms22147329
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1056/NEJMoa1515920
http://www.ncbi.nlm.nih.gov/pubmed/27299675
http://doi.org/10.1056/NEJMoa1611925
http://www.ncbi.nlm.nih.gov/pubmed/28605608
http://doi.org/10.1056/NEJMoa1812389
http://doi.org/10.1056/NEJMoa2030186
http://doi.org/10.1056/NEJMoa2004967
http://www.ncbi.nlm.nih.gov/pubmed/32966714
http://doi.org/10.2215/CJN.01130121
http://doi.org/10.1056/NEJMoa1911303
http://doi.org/10.1161/CIRCULATIONAHA.120.050391
http://doi.org/10.1056/NEJMoa2022190
http://doi.org/10.1056/NEJMoa2107038
http://doi.org/10.1056/NEJMoa2206286


Biomedicines 2023, 11, 279 11 of 11

43. Bhatt, D.L.; Szarek, M.; Steg, P.G.; Cannon, C.P.; Leiter, L.A.; McGuire, D.K.; Lewis, J.B.; Riddle, M.C.; Voors, A.A.; Metra, M.;
et al. Sotagliflozin in Patients with Diabetes and Recent Worsening Heart Failure. N. Engl. J. Med. 2021, 384, 117–128. [CrossRef]
[PubMed]

44. Perkovic, V.; Jardine, M.J.; Neal, B.; Bompoint, S.; Heerspink, H.J.L.; Charytan, D.M.; Edwards, R.; Agarwal, R.; Bakris, G.; Bull, S.;
et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N. Engl. J. Med. 2019, 380, 2295–2306. [CrossRef]

45. De Boer, I.H.; Caramori, M.L.; Chan, J.C.N.; Heerspink, H.J.L.; Hurst, C.; Khunti, K.; Liew, A.; Michos, E.D.; Navaneethan, S.D.;
Olowu, W.A.; et al. Executive Summary of the 2020 KDIGO Diabetes Management in CKD Guideline: Evidence-Based Advances
in Monitoring and Treatment. Kidney Int. 2020, 98, 839–848. [CrossRef] [PubMed]

46. Heerspink, H.J.L.; Stefánsson, B.V.; Correa-Rotter, R.; Chertow, G.M.; Greene, T.; Hou, F.-F.; Mann, J.F.E.; McMurray, J.J.V.;
Lindberg, M.; Rossing, P.; et al. Dapagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2020, 383, 1436–1446.
[CrossRef]

47. McEwan, P.; Darlington, O.; Miller, R.; McMurray, J.J.V.; Wheeler, D.C.; Heerspink, H.J.L.; Briggs, A.; Bergenheim, K.; Sanchez,
J.J.G. Cost-Effectiveness of Dapagliflozin as a Treatment for Chronic Kidney Disease: A Health-Economic Analysis of DAPA-CKD.
Clin. J. Am. Soc. Nephrol. 2022, 17, 1730–1741. [CrossRef] [PubMed]

48. Vart, P.; Vaduganathan, M.; Jongs, N.; Remuzzi, G.; Wheeler, D.C.; Hou, F.F.; McCausland, F.; Chertow, G.M.; Heerspink, H.J.L.
Estimated Lifetime Benefit of Combined RAAS and SGLT2 Inhibitor Therapy in Patients with Albuminuric CKD without Diabetes.
Clin. J. Am. Soc. Nephrol. 2022, 17, 1754–1762. [CrossRef]

49. The EMPA-KIDNEY Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N. Engl. J. Med. 2022, 388,
117–127. [CrossRef]

50. Neuen, B.L.; Young, T.; Heerspink, H.J.L.; Neal, B.; Perkovic, V.; Billot, L.; Mahaffey, K.W.; Charytan, D.M.; Wheeler, D.C.; Arnott,
C.; et al. SGLT2 Inhibitors for the Prevention of Kidney Failure in Patients with Type 2 Diabetes: A Systematic Review and
Meta-Analysis. Lancet Diabetes Endocrinol. 2019, 7, 845–854. [CrossRef]

51. Wheeler, D.C.; Toto, R.D.; Stefánsson, B.V.; Jongs, N.; Chertow, G.M.; Greene, T.; Hou, F.F.; McMurray, J.J.V.; Pecoits-Filho, R.;
Correa-Rotter, R.; et al. A Pre-Specified Analysis of the DAPA-CKD Trial Demonstrates the Effects of Dapagliflozin on Major
Adverse Kidney Events in Patients with IgA Nephropathy. Kidney Int. 2021, 100, 215–224. [CrossRef] [PubMed]

52. Wheeler, D.C.; Jongs, N.; Stefansson, B.V.; Chertow, G.M.; Greene, T.; Hou, F.F.; Langkilde, A.M.; McMurray, J.J.V.; Rossing, P.;
Nowicki, M.; et al. Safety and Efficacy of Dapagliflozin in Patients with Focal Segmental Glomerulosclerosis: A Prespecified
Analysis of the Dapagliflozin and Prevention of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) Trial. Nephrol. Dial.
Transplant. 2022, 37, 1647–1656. [CrossRef] [PubMed]

53. Palmer, S.C.; Tendal, B.; Mustafa, R.A.; Vandvik, P.O.; Li, S.; Hao, Q.; Tunnicliffe, D.; Ruospo, M.; Natale, P.; Saglimbene, V.; et al.
Sodium-Glucose Cotransporter Protein-2 (SGLT-2) Inhibitors and Glucagon-like Peptide-1 (GLP-1) Receptor Agonists for Type 2
Diabetes: Systematic Review and Network Meta-Analysis of Randomised Controlled Trials. BMJ 2021, 372, m4573. [CrossRef]
[PubMed]

54. Barrera-Chimal, J.; Lima-Posada, I.; Bakris, G.L.; Jaisser, F. Mineralocorticoid Receptor Antagonists in Diabetic Kidney Disease—
Mechanistic and Therapeutic Effects. Nat. Rev. Nephrol. 2022, 18, 56–70. [CrossRef] [PubMed]

55. Bakris, G.L.; Agarwal, R.; Anker, S.D.; Pitt, B.; Ruilope, L.M.; Rossing, P.; Kolkhof, P.; Nowack, C.; Schloemer, P.; Joseph, A.; et al.
Effect of Finerenone on Chronic Kidney Disease Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2020, 383, 2219–2229. [CrossRef]

56. Provenzano, M.; Puchades, M.J.; Garofalo, C.; Jongs, N.; D’Marco, L.; Andreucci, M.; De Nicola, L.; Gorriz, J.L.; Heerspink, H.J.L.;
ROTATE-3 Study Group; et al. Albuminuria-Lowering Effect of Dapagliflozin, Eplerenone, and Their Combination in Patients
with Chronic Kidney Disease: A Randomized Crossover Clinical Trial. J. Am. Soc. Nephrol. 2022, 33, 1569–1580. [CrossRef]

57. Heerspink, H.J.L.; de Zeeuw, D. Endothelin Receptor Antagonists for Kidney Protection: Lessons from the SONAR Trial. Clin. J.
Am. Soc. Nephrol. 2022, 17, 908–910. [CrossRef]

58. Heerspink, H.J.L.; Parving, H.-H.; Andress, D.L.; Bakris, G.; Correa-Rotter, R.; Hou, F.-F.; Kitzman, D.W.; Kohan, D.; Makino, H.;
McMurray, J.J.V.; et al. Atrasentan and Renal Events in Patients with Type 2 Diabetes and Chronic Kidney Disease (SONAR): A
Double-Blind, Randomised, Placebo-Controlled Trial. Lancet 2019, 393, 1937–1947. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1056/NEJMoa2030183
http://www.ncbi.nlm.nih.gov/pubmed/33200892
http://doi.org/10.1056/NEJMoa1811744
http://doi.org/10.1016/j.kint.2020.06.024
http://www.ncbi.nlm.nih.gov/pubmed/32653403
http://doi.org/10.1056/NEJMoa2024816
http://doi.org/10.2215/CJN.03790322
http://www.ncbi.nlm.nih.gov/pubmed/36323444
http://doi.org/10.2215/CJN.08900722
http://doi.org/10.1056/NEJMoa2204233
http://doi.org/10.1016/S2213-8587(19)30256-6
http://doi.org/10.1016/j.kint.2021.03.033
http://www.ncbi.nlm.nih.gov/pubmed/33878338
http://doi.org/10.1093/ndt/gfab335
http://www.ncbi.nlm.nih.gov/pubmed/34850160
http://doi.org/10.1136/bmj.m4573
http://www.ncbi.nlm.nih.gov/pubmed/33441402
http://doi.org/10.1038/s41581-021-00490-8
http://www.ncbi.nlm.nih.gov/pubmed/34675379
http://doi.org/10.1056/NEJMoa2025845
http://doi.org/10.1681/ASN.2022020207
http://doi.org/10.2215/CJN.00560122
http://doi.org/10.1016/S0140-6736(19)30772-X

	Introduction 
	Nephroprotective effects of SGLT2is 
	SGLT2is in Diabetic Patients 
	RCT with Primary Cardiovascular Endpoints 
	RCT with Primary Renal Endpoints 

	SGLT2is in Non-Diabetic Patients with CKD 
	SGLT2is and Glomerulonephritis 
	Adverse Effects of SGLT2is 
	Future Perspectives 
	References

