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Abstract: Diabetic kidney disease (DKD) causes a progressive decline in renal function, leading
to end-stage kidney disease (ESKD), and increases the likelihood of cardiovascular events and
mortality. The recent introduction of the sodium-glucose co-transporter 2 (SGLI-2) inhibitor has been
a game changer in managing chronic kidney disease (CKD) and congestive heart failure (CHF). These
agents not only slow down the progression of kidney disease but also have cardioprotective benefits,
including for patients with congestive heart failure and atherosclerotic cardiovascular disease. Some
evidence suggests that they can decrease the risk of stroke as well. This review aims to provide a
comprehensive overview of the role of SGLT-2 inhibitors in CKD and CHF and their efficacy in stroke
prevention. This review includes a comparison with glucagon-like peptide-1 (GLP-1) agonist and
finerenone; focuses on safety data, the potential benefits beyond glycemic control, and a review of
significant trials; and provides guidance in clinical practice.

Keywords: diabetic kidney disease; nephropathy; SGLT-2 inhibitor; stroke; CHF; MRA; flozins

1. Introduction

Diabetic kidney disease is the most common type of chronic kidney disease (CKD) and
end-stage kidney disease (ESKD), with substantial morbidity and mortality worldwide [1,2].
Chronic kidney disease and congestive heart failure frequently coexist in patients with
underlying diabetes mellitus (DM). The association between diabetes mellitus and heart
failure (HF) has been well documented. Chronic kidney disease is considered an indepen-
dent risk factor for cardiovascular disease, and the likelihood of cardiovascular mortality
increases with a decline in renal function [3].

Traditional medical management for CKD and CHF includes blood pressure control,
tight glycemic management, and renin-angiotensin-aldosterone system (RAAS) blockade.
In practice, angiotensin-converting enzyme inhibitors (ACE inhibitors) or angiotensin
receptor blockers (ARBs) are the first line of agents in patients with hypertension and DKD,
even in the absence of proteinuria. ACE inhibitors/ARBs have been shown to decrease the
risk of progression of CKD in patients with proteinuria, although these agents have not
been shown to reduce the progression to ESKD in nonproteinuric patients [4—6].

The introduction of SGLT-2 inhibitors has radically changed the therapeutic landscape
for CKD and CHF patients. This has added new opportunities for improving outcomes in
these patients. SGLT-2 inhibitors were initially developed as glucose-lowering medication.
Still, during the earlier cardiovascular outcome trials (CVOTs), it became clear that there is
a significant advantage for kidney protection and cardioprotection.
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Currently, four SGLT-2i agents are available in North America: canagliflozin, da-
pagliflozin, empagliflozin, and ertugliflozin, whereas the fifth agent, sotagliflozin, is a
combined SGLT-1 and SGLT-2 inhibitor that the FDA recently approved in May 2023 for
use in the USA.

2. Mechanism of Action

SGLT-2 inhibitors work by inhibiting the SGLT-2 channel found in the proximal
convoluted tubules. This channel is primarily responsible for absorbing most of the filtered
glucose, which is >90%. This leads to glucosuria, which is more pronounced in individuals
with diabetes than in non-diabetic individuals. The extent of glucose reduction is influenced
by kidney function, and it declines when the eGFR falls below 60 mL/min per 1.73 m?.
This effect is almost nonexistent with an eGFR below 30 mL/min per 1.73 m? [7].

The renoprotective benefits of SGLT-2 inhibitors are independent of the glycosuria
effect. It is proposed that SGLT-2 inhibitors reduce sodium reabsorption, leading to in-
creased sodium delivery to the macula densa, which causes negative feedback through the
tubuloglomerular feedback mechanism. This results in decreased intraglomerular pressure,
causing lowered glomerular hyperfiltration [8]. Refer to Figure 1.
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Figure 1. Mechanism of organ protection.

It has also been proposed that SGLT-2 inhibitors exert renal protection by improv-
ing tubular hypoxia by blocking proximal tubular reabsorption of glucose, reducing the
workload of the proximal tubules [9]. Chronic tubular hypoxia has been attributed to the
progression of underlying chronic kidney disease in patients with diabetes mellitus [10].

Beyond glucosuria, they also contribute to modest bp control, kaliuresis, and reduction
in oxidative stress, as well as reducing markers of inflammation and fibrosis such as
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interleukin-6, monocyte chemoattractant protein 1 (MCP-1), nuclear factor-kB, urinary IL-6
as well as serum tumor necrosis factor receptor 1 (TNFR1) [11,12].

These kidney protective benefits lead directly to an improved metabolic profile and
indirectly to beneficial effects on cardiovascular disease. Cardioprotective benefits include
a decline in arterial stiffness and improvement in endothelial function. SGLI-2 inhibitors
also cause diuresis and natriuresis, which may cause a reduction in preload [13,14].

3. Effectiveness
3.1. Effectiveness in CKD

Initial cardiovascular outcome trials (CVOTs), including EMPA-REG OUTCOME
and CANVAS, were the first to demonstrate the kidney benefit as a secondary outcome.
Subsequently, CREDENCE, DAPA-CKD, and EMPA-KIDNEY are the major randomized
clinical trials that have solidified prior findings that SGLT-2 inhibitors are effective in
slowing the progression to ESKD, reducing albuminuria, and preventing adverse outcomes,
including the need for dialysis and cardiovascular mortality. All three trials were terminated
early due to strong evidence of efficacy.

The CREDENCE trial included patients with an eGFR 30-90 mL/min/1.73 m?2 and
albuminuria (microalbumin-to-creatinine ratio (ACR) of 300-5000 mg/g) and 3.9% of
patients had an eGFR less than 30 mL/min per 1.73 m?. It showed that canagliflozin at a
dose of 100 mg once daily was effective in reducing the incidence of ESKD, heart failure
hospitalization, all-cause mortality, and cardiovascular mortality, as well as doubling serum
creatinine by approximately 30-35% [15]. In a separate subgroup analysis of patients with
an eGFR less than 30 mL/min per 1.73 m?, it was found that it was equally effective in
slowing down the progression of kidney disease as compared to patients with an eGFR
greater than 30 mL/min/1.73 m? [16].

DAPA-CKD included patients with an eGFR of 25 to 75 mL/min per 1.73 m?, protein-
uria of 200 to 5000 mg/g, and one-third of the participants in this study had nondiabetic
CKD. This trial showed that dapagliflozin 10 mg once daily was able to reduce the in-
cidence of ESKD, all-cause mortality, and cardiac mortality by approximately 35-45%,
doubling serum creatinine. The DAPA-CKD trial demonstrated that the protective benefit
increases with an increasing hemoglobin Alc level as well as with increased proteinuria
and decreased eGFR [17,18].

The EMPA-KIDNEY trial is the most recent, published in November 2022, which
included patients with an eGFR of 20 to 44 mL/min/1.73 m? (regardless of albuminuria)
or an eGFR of 45 to 89 mL/min/1.73 m? (if albuminuria > 200 mg/g). This was the
first trial that included patients with no albuminuria; most patients in this trial (54%)
had known chronic diabetic kidney disease. It demonstrated that empagliflozin 10 mg
daily reduces the incidence of ESKD, cardiovascular mortality, and all-cause mortality by
25-30%, doubling serum creatinine. The most significant benefit was seen in patients with
albuminuria > 300 mg/g and less effect in patients with lower levels of proteinuria [19].
In this trial with a subgroup of normal albuminuria, the primary endpoint showed no
improvement. It is unclear whether this was a false negative or a true negative result. One
reason could be that this study was terminated early, after two years, so maybe the duration
was not sufficiently long enough to see a difference. However, more studies are needed to
evaluate the effect of SGLT-2 inhibitors in patients with normal albuminuria. (Table 1).
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Table 1. Summary of major clinical Trials.

Trial CREDENCE DAPA-HF DAPA CKD VERTIS EMPA KIDNEY
Drug dose foagl ;afghﬂozm 100 mg Dapagliflozin 10 mg ~ Dapagliflozin 10 mg  Ertugliflozin 5, 15mg  Empagliflozin 10 mg
Year published June 2019 November 2019 March 2020 June 2020 November 2022
Median follow up 2.6 yrs. 18.2 months 2.4 yrs. 3.5yrs. 2 yrs.
>30, UACR 300-5000  >30 (40% pt had 25-75, UACR 2045 or >45 <90, if
sCliton el mg/gm eGFR < 60) 200-5000 mg/gm >30 UACR > 200 mg/gm
Both Diabetic and
DM-2 on enrollment DM-2 only 42% had DM-2 30% non-diabetic DM only non-Diabetic
2.2% had DM-type 1
CVD on enrollment 50% participants All participants 37% participants Zgg /COI};;d CAD, 23% 26% participants
ESKD, sustained
ESKD, doubling of CV death, heart o . decrease in
Primary outcome serum creatinine, failure Eélég ’550&/: g r(r)g ™ MACE (CV death, eGFR < 10, in
Y death from renal or hospitalization, € s aed © M], stroke) eGFR > 40%, death
. renal and CV causes
CV causes. all-cause mortality due to renal or
cv Causes.
Cardiovascular ESKD, >50% drop in Composite of renal Heart failure

Secondary outcome

mortality, all-cause

eGFR lasting >28
days, death from

Same as above.

death, dialysis,
doubling of serum

hospitalization, all
cause mortality, all

mortality, MI, stroke.

renal causes. creatinine cause hospitalization

Reduction in
- CV death, HF by
24%,

no statistically

Reduction in primary Reduction in primary  significant Reduction in primary

Results

outcome by 30-35% - All cause mortalit outcome by 35-45% improvement in outcome by 25-30%
by 17% y primary outcomes.
o
NNT (for primary 22 21 19 Not available Not available
outcome)

DM-2—Type 2 Diabetes mellitus; CAD-—coronary artery disease; CHF—congestive heart failure;
CVD—cardiovascular disease; ESKD—end-stage kidney disease; MI—myocardial infarction; NNT—number
needed to treat; UACR—urinary albumin-to-creatinine ratio.

3.2. Effectiveness in CHF

The DAPA-HF, EMPEROR-Reduced, and EMPEROR-Preserved trials showed im-
provement in cardiovascular outcomes and a reduction in death and heart failure hospital-
izations [20-22].

The DAPA-HF and EMPEROR-Reduced trials focused on patients with congestive
heart failure with reduced left ventricular ejection fraction, which was at or below 40%.
On the other hand, the EMPEROR-Preserved trial involved patients with a left ventricular
ejection fraction greater than 40% [20-22].

The DAPA-HF trial included patients with chronic heart failure with LVEF < 40%
and an eGFR > 30 mL/min per 1.73 m?, and it showed significant improvements in
composite primary outcomes, including reducing cardiovascular death and heart failure
hospitalization by 24% [20]. The DAPA-HF trial indicated that dapagliflozin may prevent
diabetes, and this study showed a decrease in the incidence of new diabetes mellitus [21].

The EMPEROR-Reduced trial enrolled patients with an eGFR >20 mL/min per 1.73 m
and lower mean LVEF of up to 27% compared to up to 31% in the DAPA-HF trial. Em-
pagliflozin reduced the combined risk of primary outcomes, including cardiovascular death
or heart failure hospitalization, in patients with or without diabetes by 22% [22].

The EMPEROR-Preserved clinical trial was groundbreaking as it included patients
with heart failure, regardless of whether they had mildly reduced ejection fraction or
preserved ejection fraction or whether they had diabetes or not. Empagliflozin decreased
the incidence of heart failure hospitalization and cardiovascular death by approximately
20%. Although, in this study, 23% of patients discontinued treatment, which was on the
higher side, this outcome was similar in other treatment groups as well [23].
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Similarly, the DELIVER trial was published in September 2022 and included patients
with LVEF >40% with medical therapy. In this study, dapagliflozin showed a reduction in
the primary composite endpoint by 18% [24].

3.3. Effectiveness in Stroke

SGLT-2 inhibitors have been very successful in improving outcomes in chronic kidney
disease and cardiovascular disease. However, when it comes to preventing strokes, the
available data are not yet as compelling.

Chronic kidney disease frequently coexists with other complex medical problems,
including cardiovascular disease and stroke. Many experts believe that chronic kidney
disease is an independent risk factor for stroke, and chronic kidney disease is present in
over 40% of patients with stroke [25]

Stroke and chronic kidney disease have many risk factors in common, such as hyperten-
sion, diabetes mellitus, and atrial fibrillation. In the DECLARE-TIMI 58 trial, dapagliflozin
was shown to decrease the incidence of atrial fibrillation [26].

In theory, one would believe that as SGLT-2 inhibitors improved outcomes in diabetes,
kidney disease, and cardiovascular disease, they would also reduce the risk of stroke, but
that has not been the case so far.

Multiple meta-analysis trials from recent cardiovascular outcome trials (CVOTs)
showed no effect of SGLT-2 inhibitors in preventing strokes [27]. A meta-analysis of the
credence trial showed that the SGLT-2 inhibitor showed no overall positive impact on total
stroke prevention but had a slight benefit in terms of preventing hemorrhagic stroke [28].

However, most recently, in May 2023, an observational study from Taiwan published in
the Journal of the American Heart Association suggested that an SGLT-2 inhibitor can decrease
the incidence of new stroke by 20% in patients with atrial fibrillation [29]. This was an
observational study to evaluate the impact of SGLT-2 inhibitors in preventing embolic
stroke in patients with atrial fibrillation and diabetes mellitus. One of the drawbacks of this
study was that it was not a randomized control trial. Nonetheless, this brings a ray of hope
regarding stroke outcomes and provides direction for further studies.

3.3.1. Safety Profile and Adverse Effects

Diabetic Ketoacidosis (DKA): DKA is a serious, life-threatening complication in pa-
tients with DM. SGLT-2 inhibitors can cause euglycemic diabetic ketoacidosis in patients
with type 1 diabetes, but it is less common in Type-2 DM [30]. A recent meta-analysis
in patients with Type-2 DM showed a slight increase in the relative risk of DKA. How-
ever, the absolute occurrence of DKA was low, with only around 0.2 events occurring per
1000 patient-years in the placebo group. In non-diabetic patients, the risk of DKA was nearly
nonexistent, with only one episode noted during the following 30,000 patient-years [30].

In clinical practice, it is essential to identify patients with high risk for DKA, which
includes recent surgery, starvation, acute illness, alcohol abuse, and those on high doses
of insulin. Patients should be educated about the “sick day” plan to reduce the risk of
DKA. This includes holding off on the SGLT-2 inhibitor for 2-3 days before surgery and
temporary discontinuation during episodes of sickness or poor oral intake.

3.3.2. Genital Mycotic Infections

It has been postulated that SGLT-2 inhibitors can increase the risk of urogenital in-
fections due to glucosuria. SGLT-2 inhibitors can increase the risk of urogenital infection,
such as vulvovaginal candidiasis, by 2—4 times, especially in female patients. In rare cases,
SGLT-2 inhibitors are also associated with Fournier’s gangrene [31].

Patients must be educated and counseled on maintaining daily hygiene and moni-
toring for signs of early infection. Consider topical or oral antifungal therapy rather than
discontinuation of the SGLT-2 inhibitor.
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3.3.3. Urinary Tract Infection (UTI)

A recent meta-analysis found that there is no increased incidence of urinary tract
infections (UTIs) with SGLT-2 inhibitors as compared to other agents [32,33].

Expert consensuses suggest continuing SGLT-2 inhibitors in patients with recurrent
urinary tract infections if there is an indication and exercising caution in those with a
history of complicated recurrent urinary tract infections as well as chronic indwelling Foley
catheters, but this is not an absolute contraindication.

3.3.4. Lower-Limb Amputation/Fractures

The CANVAS trial indicated that there was a doubling of the risk of lower-limb ampu-
tation in the canagliflozin groups, and this mainly involved toe or metatarsal amputation
and fractures [34].

However, subsequent major clinical trials, including CREDENCE, reported no differ-
ence in the risk of amputation between SGLT-2 inhibitors and amputation or fracture. As
a result, in 2020, the FDA removed its black box warning for canagliflozin and amputa-
tion risk [30].

In practice, clinicians are advised to educate patients to perform frequent foot exami-
nations, timely intervention, and referral to evaluate for peripheral vascular disease.

3.3.5. Volume Depletion

Due to their natriuretic effects, SGLT-2 inhibitors can increase the risk of volume
depletion, especially if combined with diuretics. The DAPA-HF trial reported an increased
incidence of volume depletion, especially in patients who were taking furosemide or its
equivalent dose > 40 mg daily. In this trial, the placebo group had a 6.8% incidence of
volume depletion, whereas it was 9.0% in the dapagliflozin group. Although they have a
synergistic natriuretic effect along with loop diuretics, this effect seems weaker compared
to a combination of loop diuretics and metolazone [35].

In conclusion, the risk of volume depletion should be considered in patients who are
already on diuretics therapy, especially the elderly, and those at risk of hypovolemia such
as hypotension, fasting, acute sickness, or syncope. It is recommended to assess volume
status before initiation of an SGLT-2 inhibitor. Refer to the Figure 2 flowchart.

3.3.6. Adjustment and Interaction with Other Medications

Mineralocorticoid Receptor Antagonists (MRAs) (Table 2): Mineralocorticoid receptor
activation due to the upregulation of renin and angiotensin axis causes activation of
inflammatory factors and fibrosis, which contribute to the progression of chronic kidney
disease as well as congestive heart failure [36].

A new nonsteroidal MRA, finerenone, has been shown to improve proteinuria and
blood pressure control in these patients. The FIDELIO-DKD trial included patients with
type 2 diabetes mellitus with albuminuria and chronic kidney disease, and these patients
were on an ACE inhibitor/ ARB at baseline. It found that finerenone decreased the incidence
of the primary outcome in terms of the decline of the eGFR by 40% or more by 27%. No
significant impact on all-cause mortality or progression into ESKD was noted. It has also
been associated with an increased risk of hyperkalemia [37] Tab.

In these trials, most patients were not on a combination of SGLT-2 inhibitor and
finerenone, so further data are needed to see if this combination provides any addi-
tional benefit [37].

However, in the DAPA-CKD trial, it was reported that 229 out of 4304 patients were
receiving MRAs, and this number was too small to determine any significant benefit from
this combination. Nonetheless, finerenone is a great addition to the list of medications
available for the management of diabetic kidney disease to improve outcomes.

The Kidney Disease Improving Global Outcomes (KDIGO) 2022 guideline as well as
the American Diabetes Association 2022 guideline advise using >30 mg/day finerenone
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in patients with albuminuria despite being on a combination of ACE inhibitor and SGLT-
2 inhibitor [38].

Meet Criteria for SGLT-2Inhibitors
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Figure 2. Flowchart for SGLT2 inhibitor use.

3.3.7. GLP-1 Agonist

In multiple trials, GLP-1 agonists have proven their efficacy in cardiovascular and
kidney protective benefits [39]. The AWARD-7 trial included patients with CKD stages III
and IV, which showed improved kidney outcomes with a higher dose of dulaglutide 1.5 mg
subcutaneously weekly [40]. Similarly, liraglutide has been shown to improve kidney
outcomes, and reduce the progression to ESKD and renal death in patients with diabetic
kidney disease [41].

In clinical practice, if the desired glycemic control is not achieved despite being on
first-line glucose-lowering therapy and SGLT-2 inhibitor, we recommend adding the GLP-1
agonist due to its cardio- and reno-protective benefit.

Avoid combining GLP-1 agonist with dipeptidyl peptidase 4 (DPP-4) inhibitors as there
are no clear-cut data yet available that DPP inhibitors improve outcomes in cardiovascular
disease or chronic kidney disease.
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Table 2. Dose adjustment in CKD and hepatic dysfunction.

. Stage 3b Stage 4 Stage 5 Hepatic
CKD Staging (eGFR 30-44) (eGFR 15-29) (eGFR < 15) Dysfunction
Canagliflozin Do not initiate if eGFR < 45
No dosage
Do not initiate if €GFR < 25. If adjustment |
o . . . Use caution if
Dapagliflozin previously taking, may continue S
ol s . Initiating in
until dialysis
severe
impairment
- No dosage adjustment necessary
for eGFR > 20 No dosage
Empagliflozin US manufacturer does not adjustment
recommend use for glycemic control | necessary
for eGFR < 30
Ertugliflozin

4. Discussion

SGLT-2 inhibitors have caused a paradigm shift in the management of diabetic kidney
disease. The most recent EMPA-KIDNEY trial has confirmed that these agents are not only
beneficial in slowing down the progression of underlying kidney disease, including non-
diabetes chronic kidney disease, but also benefit patients with low levels of albuminuria
and those with an eGFR as low as 20 mL/min/1.73 m? [19].

DAPA-CKD has shown that dapagliflozin can slow down the progression of CKD,
regardless of the etiology of CKD, whether it is diabetic kidney disease, hypertensive kidney
disease, or glomerulonephritis. It also showed that the protective benefit increases with
increased albuminuria and increased hemoglobin Alc, and its effects were also consistent
over the spectrum of various eGFR values. SGLT-2 inhibitors provided more absolute
benefit in terms of protection for patients who are at the highest absolute risk, including
those patients with a low eGFR, high proteinuria, and elevated HbAlc [17,18].

Even regarding heart health, patients at the highest risk of cardiovascular events
derive the maximum benefit from these medications. In trials focusing on heart failure
and cardiac outcomes, SGLT-2 inhibitors were shown to be beneficial for secondary cardiac
prevention. However, recent trials with chronic kidney disease patients indicated that
they are also efficacious for the primary prevention of cardiovascular disease. This again
confirms that chronic kidney disease should be considered a cardiac risk equivalent [42].

Based on this information, current clinical indications for SGLT-2 inhibitor therapy
have been expanded to include patients with or without diabetes mellitus and chronic
kidney disease, chronic kidney disease with or without albuminuria, congestive heart
failure regardless of diabetes, and diabetes mellitus and congestive heart failure with
preserved or low ejection fraction [38,43].

These agents also have a favorable safety profile and should be strongly considered
for their protective benefits in patients with chronic kidney disease, atherosclerotic cardiac
disease, and heart failure. There is overwhelming evidence showing the effectiveness
of these agents in cardiac and kidney protection, and it may not be ethically feasible
to carry out additional randomized controlled trials on patients in these groups using
SGLT-2 inhibitors.
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These data have been incorporated into the guidelines of major medical societies,
replacing metformin as the first line of treatment for patients with DM. The American
Diabetes Association recommended SGLT-2 inhibitors for organ protection in patients with
diabetes mellitus type 2 irrespective of their hemoglobin Alc [44]. The KDIGO Clinical
Practice Guideline 2022 for the management of diabetes in chronic kidney disease now
includes SGLT-2 inhibitors in addition to metformin, ACE/ARB, and statin as a first-line
treatment for T2DM. According to the European Society of Cardiology 2019 guidelines
and the European Association for the Study of Diabetes 2019, patients with type 2 diabetes
who have ASCVD or high cardiovascular risk should use SGLT-2 inhibitors or GLP-1
receptor agonists [38,43].

Key Points for Clinical Practice

In clinical practice, we should anticipate around a 20-30% drop in the eGFR after
starting an SGLI-2 inhibitor, which does not represent an acute kidney injury [45]. Actually,
SGLT-2 inhibitors protect from acute kidney injury [46].

This transient decrease in the eGFR has been attributed to an improvement in in-
traglomerular hypertension, which in turn leads to reno-protection. This is a reversible
decrease in the eGFR and should not prompt clinicians to discontinue therapy until the
drop in the eGFR is greater than 30%

The DAPA-CKD trial showed that dapagliflozin can be started with an eGFR as low
as 25 mL/min/1.73 m? [17,18]. Subsequently, in 2022, the EMPA-KIDNEY trial confirmed
that empagliflozin could be utilized without any safety concerns, even when eGFR levels
are as low as 20 mL/min/1.73 m? [19]. Recent KDIGO 2022 guidelines have also incorpo-
rated this and now recommend starting an SGLT-2 inhibitor with an eGFR greater than
20 mL/min/1.73 m? [38]. Upon initiation, SGLT-2 inhibitors can be continued until dialysis
is started. Avoid use in dialysis patients as studies have not validated their use and lack
safety data in dialysis patients.

An attempt should be made to maximize ACE inhibitor/ARB therapy, but this should
not delay the introduction of SGLT-2 inhibitors.

Finally, the “Sick day” plan should be discussed with patients clearly, and they should
be counseled to withhold SGLT-2 inhibitors if fasting, acutely sick, hypovolemic, or hy-
potensive. Refer to Figure 2.

5. Conclusions

SGLT-2 inhibitors have come a long way from glucose-lowering medication to first-line
therapy for cardiac and renal protection in CKD and CHF patients. They have assumed a
central role in DKD and cardiovascular management, and their efficacy is beyond doubt.
Therefore, clinicians should consider including SGLT-2 inhibitors in their treatment plans
for patients with CKD and CHF regardless of diabetes status to ensure optimal outcomes.

Their indications are expanding, and more research is needed to evaluate their ef-
ficacy in patients with CKD due to ADPKD, tubulointerstitial nephritis, and those on
dialysis/transplant and immunosuppression therapy for stroke prevention.

The following is a list of a few ongoing trials: the RENAL LIFECYCLES, to study the
effects of dapagliflozin on dialysis or transplant patients; the PRESERVE trial, to study the
effect of dapagliflozin on peritoneal glucose uptake and ultrafiltration in PD patients; and
the CONFIDENCE trial, to study the combination of finerenone and empagliflozin.

SGLT-2 inhibitors have filled a large void in the management of DKD. Nonetheless,
there is still room for further improvement. New agents such as finerenone, selective
endothelin A receptor antagonists, and GLP-1 agonists have been added to the treatment
arsenal and should be considered as additional options. However, further studies are
required to evaluate the efficacy of these agents in non-diabetic individuals as well as any
additional benefit noted in combination with SGLT-2 inhibitors.
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Abbreviations

ASCVD  atherosclerotic cardiovascular disease

ACE-1 angiotensin-converting enzyme inhibitor
ARB angiotensin receptor blocker

BMP basic metabolic panel

CHF congestive heart failure

CKD chronic kidney disease

DKA diabetic ketoacidosis

DKD diabetic kidney disease

ESKD end-stage kidney disease

eGFR estimated glomerular filtration rate
ENaC epithelial sodium channel

GLP-1 glucagon-like peptide 1

HTN hypertension

MI myocardial infarction

MR mineralocorticoid receptor

MRA mineralocorticoid receptor antagonist
RAAS renin-angiotensin—aldosterone system

SGLT2  sodium-glucose transport protein 2
T2DM type II diabetes mellitus
UACR urine albumin-to-creatinine ratio

References

1.  USRDS. Annual Data Report | USRDS. Available online: https:/ /usrds-adr.niddk.nih.gov /2022 (accessed on 18 July 2023).

2. Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B. IDF Diabetes Atlas: Global, regional, and country-
level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes Res. Clin. Pract. 2021, 183, 109119. [CrossRef]
[PubMed]

3. Levey, AS,; de Jong, PE.; Coresh, ].; El Nahas, M.; Astor, B.C.; Matsushita, K.; Gansevoort, R.T.; Kasiske, B.L.; Eckardt, K.-U. The
definition, classification, and prognosis of chronic kidney disease: A KDIGO Controversies Conference report. Kidney Int. 2011,
80, 17-28. [CrossRef] [PubMed]

4. Lewis, E.J.; Hunsicker, L.G.; Bain, R.P. The Effect of Angiotensin-Converting-Enzyme Inhibition on Diabetic Nephropathy. N.
Engl. ]. Med. 1993, 329, 1456-1462. [CrossRef] [PubMed]

5. Brenner, B.M.; Cooper, M.E.; De Zeeuw, D. Effects of Losartan on Renal and Cardiovascular Outcomes in Patients with Type 2
Diabetes and Nephropathy. N. Engl. J. Med. 2001, 345, 861-869. [CrossRef]

6. Lewis, EJ.; Hunsicker, L.G.; Clarke, W.R. Renoprotective Effect of the Angiotensin-Receptor Antagonist Irbesartan in Patients
with Nephropathy Due to Type 2 Diabetes. N. Engl. . Med. 2001, 345, 851-860. [CrossRef]

7. Investigators, D. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. ]. Med. 2019, 380, 347-357. [CrossRef]

8. Heerspink, H.].L.; Kosiborod, M.; Inzucchi, S.E.; Cherney, D.Z. Renoprotective effects of sodium-glucose cotransporter-2 inhibitors.
Kidney Int. 2018, 94, 26-39. [CrossRef]

9. Packer, M. Mechanisms Leading to Differential Hypoxia-Inducible Factor Signaling in the Diabetic Kidney: Modulation by SGLT2
Inhibitors and Hypoxia Mimetics. Am. |. Kidney Dis. 2021, 77, 280-286. [CrossRef]

10. Fine, L.G.; Norman, J.T. Chronic hypoxia as a mechanism of progression of chronic kidney diseases: From hypothesis to novel
therapeutics. Kidney Int. 2008, 74, 867-872. [CrossRef]

11. Heerspink, H.J.L.; Perco, P.; Mulder, S.; Leierer, J.; Hansen, M.K.; Heinzel, A.; Mayer, G. Canagliflozin reduces inflammation
and fibrosis biomarkers: A potential mechanism of action for beneficial effects of SGLT2 inhibitors in diabetic kidney disease.
Diabetologia 2019, 62, 1154-1166. [CrossRef]

12.  Dekkers, C.C.J.; Petrykiv, S.; Laverman, G.D.; Cherney, D.Z.; Gansevoort, R.T.; Heerspink, H.].L. Effects of the SGLT-2 inhibitor

dapagliflozin on glomerular and tubular injury markers. Diabetes Obes. Metab. 2018, 20, 1988-1993. [CrossRef]


https://usrds-adr.niddk.nih.gov/2022
https://doi.org/10.1016/j.diabres.2021.109119
https://www.ncbi.nlm.nih.gov/pubmed/34879977
https://doi.org/10.1038/ki.2010.483
https://www.ncbi.nlm.nih.gov/pubmed/21150873
https://doi.org/10.1056/NEJM199311113292004
https://www.ncbi.nlm.nih.gov/pubmed/8413456
https://doi.org/10.1056/NEJMoa011161
https://doi.org/10.1056/NEJMoa011303
https://doi.org/10.1056/nejmoa1812389
https://doi.org/10.1016/j.kint.2017.12.027
https://doi.org/10.1053/j.ajkd.2020.04.016
https://doi.org/10.1038/ki.2008.350
https://doi.org/10.1007/s00125-019-4859-4
https://doi.org/10.1111/dom.13301

J. Clin. Med. 2023, 12, 6202 11 0f12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Cherney, D.Z.; Perkins, B.A.; Soleymanlou, N.; Har, R.; Fagan, N.; Johansen, O.; Woerle, H.-].; von Eynatten, M.; Broedl, U.C. The
effect of empagliflozin on arterial stiffness and heart rate variability in subjects with uncomplicated type 1 diabetes mellitus.
Cardiovasc. Diabetol. 2013, 13, 28. [CrossRef] [PubMed]

Mazer, C.D.; Hare, G.M.; Connelly, PW.; Gilbert, R.E.; Shehata, N.; Quan, A.; Teoh, H.; Leiter, L.A.; Zinman, B.; Jiini, P; et al.
Effect of Empagliflozin on Erythropoietin Levels, Iron Stores, and Red Blood Cell Morphology in Patients With Type 2 Diabetes
Mellitus and Coronary Artery Disease. Circulation 2020, 141, 704-707. [CrossRef] [PubMed]

Perkovic, V.; Jardine, M.].; 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. . Med. 2019, 380, 2295-2306. [CrossRef]
Bakris, G.; Oshima, M.; Mahaffey, KW.; Agarwal, R.; Cannon, C.P,; Capuano, G.; Charytan, D.M.; De Zeeuw, D.; Edwards, R.;
Greene, T,; et al. Effects of Canagliflozin in Patients with Baseline eGFR <30 mL/min per 1.73 m?. Clin. J. Am. Soc. Nephrol. 2020,
15,1705-1714. [CrossRef] [PubMed]

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

Heerspink, H.J.L.; Jongs, N.; Chertow, G.M.; Langkilde, A.M.; McMurray, ].].V.; Correa-Rotter, R.; Rossing, P.; Sjostrom, C.D.;
Stefansson, B.V.; Toto, R.D.; et al. Effect of dapagliflozin on the rate of decline in kidney function in patients with chronic kidney
disease with and without type 2 diabetes: A prespecified analysis from the DAPA-CKD trial. Lancet Diabetes Endocrinol. 2021,
9, 743-754. [CrossRef]

The EMPA-KIDNEY Collaborative Group. Empagliflozin in Patients with Chronic Kidney Disease. N. Engl. ]. Med. 2023,
388, 117-127. [CrossRef]

McMurray, J.J.V.; Solomon, S.D.; Inzucchi, S.E.; Keber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P; Sabatine, M.S.; Anand,
LS.; Bélohlavek, J.; et al. Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. ]. Med. 2019,
381, 1995-2008. [CrossRef]

Inzucchi, S.E.; Docherty, K.E; Kaber, L.; Kosiborod, M.N.; Martinez, F.A.; Ponikowski, P.; Sabatine, M.S.; Solomon, S.D.; Verma, S.;
Bélohlavek, J.; et al. Dapagliflozin and the Incidence of Type 2 Diabetes in Patients With Heart Failure and Reduced Ejection
Fraction: An Exploratory Analysis From DAPA-HF. Diabetes Care 2020, 44, 586-594. [CrossRef]

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. ]. Med. 2020, 383, 1413-1424. [CrossRef]
Anker, S.D.; Butler, J.; Filippatos, G.; Ferreira, J.P.; Bocchi, E.; Bohm, 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. |. Med. 2021,
385, 1451-1461. [CrossRef]

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 preserved and mildly reduced ejection fraction: Rationale and design
of the DELIVER trial. Eur. J. Heart Fail. 2021, 23, 1217-1225. [CrossRef] [PubMed]

Kelly, D.; Rothwell, PM. Impact of multimorbidity on risk and outcome of stroke: Lessons from chronic kidney disease. Int. ].
Stroke 2020, 16, 758-770. [CrossRef]

Zelniker, T.A.; Bonaca, M.P,; Furtado, R.H.; Mosenzon, O.; Kuder, ].E; Murphy, S.A.; Bhatt, D.L.; Leiter, L.A.; McGuire, D.K,;
Wilding, J.P; et al. Effect of Dapagliflozin on Atrial Fibrillation in Patients with Type 2 Diabetes Mellitus. Circulation 2020,
141, 1227-1234. [CrossRef] [PubMed]

Ong, H.T; Teo, Y.N.; Syn, N.L.; Wee, C.F; Leong, S.; Yip, A.S.Y,; See, RM.; Ting, A.Z H.; Chia, A.Z.; Cheong, A.].Y,; et al. Effects of
Sodium/Glucose Cotransporter Inhibitors on Atrial Fibrillation and Stroke: A Meta-Analysis. . Stroke Cerebrovasc. Dis. 2021,
31,106159. [CrossRef]

Zhou, Z.; Jardine, M.].; Li, Q.; Neuen, B.L.; Cannon, C.P; de Zeeuw, D.; Edwards, R.; Levin, A.; Mahaffey, KW.; Perkovic, V.; et al.
Effect of SGLT2 Inhibitors on Stroke and Atrial Fibrillation in Diabetic Kidney Disease. Stroke 2021, 52, 1545-1556. [CrossRef]
Chang, S.; Chen, J.; Huang, P; Wu, C.; Wang, Y.; Hwang, J.; Tsai, C. Sodium-Glucose Cotransporter-2 Inhibitor Prevents Stroke in
Patients With Diabetes and Atrial Fibrillation. . Am. Heart Assoc. 2023, 12, €027764. [CrossRef] [PubMed]

Baigent, C.; Emberson, J.; Haynes, R.; Herrington, W.G.; Judge, P.; Landray, M.].; Mayne, K.J.; Ng, S.Y.; Preiss, D.; Roddick,
A.].; et al. Impact of diabetes on the effects of sodium glucose co-transporter-2 inhibitors on kidney outcomes: Collaborative
meta-analysis of large placebo-controlled trials. Lancet 2022, 400, 1788-1801. [CrossRef]

Bersoff-Matcha, S.J.; Chamberlain, C.; Cao, C.; Kortepeter, C.; Chong, W.H. Fournier Gangrene Associated With Sodium-Glucose
Cotransporter-2 Inhibitors. Ann. Intern. Med. 2019, 170, 764. [CrossRef]

Varshney, N.; Billups, S.J.; Saseen, J.]J.; Fixen, C.W. Sodium-glucose cotransporter-2 inhibitors and risk for genitourinary infections
in older adults with type 2 diabetes. Ther. Adv. Drug Saf. 2020, 12, 204209862199770. [CrossRef] [PubMed]

Cai, R,; Xu, Y.; Su, Q. Dapagliflozin in Patients with Chronic Heart Failure: A Systematic Review and Meta-Analysis. Cardiol. Res.
Pract. 2021, 2021, 6657380. [CrossRef] [PubMed]

Neal, B.; Perkovic, V.; Mahaffey, KW.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Law, G.; Desai, M.; Matthews, D.R; et al.
Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N. Engl. ]. Med. 2017, 377, 644-657. [CrossRef] [PubMed]
Yeoh, S.E.; Osmanska, ].; Petrie, M.C. Dapagliflozin versus metolazone in heart failure resistant to loop diuretics. Eur. Heart ].
2023, 44, 2966-2977. [CrossRef]


https://doi.org/10.1186/1475-2840-13-28
https://www.ncbi.nlm.nih.gov/pubmed/24475922
https://doi.org/10.1161/CIRCULATIONAHA.119.044235
https://www.ncbi.nlm.nih.gov/pubmed/31707794
https://doi.org/10.1056/NEJMoa1811744
https://doi.org/10.2215/cjn.10140620
https://www.ncbi.nlm.nih.gov/pubmed/33214158
https://doi.org/10.1056/NEJMoa2024816
https://www.ncbi.nlm.nih.gov/pubmed/32970396
https://doi.org/10.1016/S2213-8587(21)00242-4
https://doi.org/10.1056/NEJMoa2204233
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.2337/dc20-1675
https://doi.org/10.1056/NEJMoa2022190
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1002/ejhf.2249
https://www.ncbi.nlm.nih.gov/pubmed/34051124
https://doi.org/10.1177/1747493020975250
https://doi.org/10.1161/CIRCULATIONAHA.119.044183
https://www.ncbi.nlm.nih.gov/pubmed/31983236
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106159
https://doi.org/10.1161/STROKEAHA.120.031623
https://doi.org/10.1161/JAHA.122.027764
https://www.ncbi.nlm.nih.gov/pubmed/37183872
https://doi.org/10.1016/S0140-6736(22)02074-8
https://doi.org/10.7326/M19-0085
https://doi.org/10.1177/2042098621997703
https://www.ncbi.nlm.nih.gov/pubmed/33854754
https://doi.org/10.1155/2021/6657380
https://www.ncbi.nlm.nih.gov/pubmed/33859839
https://doi.org/10.1056/NEJMoa1611925
https://www.ncbi.nlm.nih.gov/pubmed/28605608
https://doi.org/10.1093/eurheartj/ehad341

J. Clin. Med. 2023, 12, 6202 12 0of 12

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Luther, ].M.; Fogo, A.B. The role of mineralocorticoid receptor activation in kidney inflammation and fibrosis. Kidney Int. Suppl.
2022, 12, 63-68. [CrossRef]

Bakris, G.L.; Agarwal, R.; Anker, 5.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. ]. Med. 2020, 383, 2219-2229. [CrossRef]
Persson, F; Caramori, M.L.; Chan, J.C. Executive summary of the KDIGO 2022 Clinical Practice Guideline for Diabetes Man-
agement in Chronic Kidney Disease: An update based on rapidly emerging new evidence. Kidney Int. 2022, 102, 990-999.
[CrossRef]

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 randomized controlled trials. BM] 2021, 372, m4573. [CrossRef]
Tuttle, K.R.; Lakshmanan, M.C.; Rayner, B.; Busch, R.S.; Zimmermann, A.G.; Woodward, D.B.; Botros, E.T. Dulaglutide versus
insulin glargine in patients with type 2 diabetes and moderate-to-severe chronic kidney disease (AWARD-7): A multicentre,
open-label, randomised trial. Lancet Diabetes Endocrinol. 2018, 6, 605-617. [CrossRef]

Mann, J.E,; Orsted, D.D.; Brown-Frandsen, K.; Marso, S.P.; Poulter, N.R.; Rasmussen, S.; Tornge, K.; Zinman, B.; Buse, ].B.
Liraglutide and Renal Outcomes in Type 2 Diabetes. N. Engl. |. Med. 2017, 377, 839-848. [CrossRef]

Mahaffey, K.W.; Jardine, M.].; Bompoint, S.; Cannon, C.P,; Neal, B.; Heerspink, H.].; Charytan, D.M.; Edwards, R.; Agarwal, R.;
Bakris, G.; et al. Canagliflozin and Cardiovascular and Renal Outcomes in Type 2 Diabetes Mellitus and Chronic Kidney Disease
in Primary and Secondary Cardiovascular Prevention Groups. Circulation 2019, 140, 739-750. [CrossRef] [PubMed]

Cosentino, E; Grant, P.; Aboyans, V.; Bailey, C.J.; Ceriello, A.; Delgado, V. 2019 ESC Guidelines on diabetes, pre-diabetes, and
cardiovascular diseases developed in collaboration with the EASD. Eur. Heart J. 2019, 41, 255-323. [CrossRef]

de Boer, LH.; Khunti, K.; Sadusky, T.; Tuttle, K.R.; Neumiller, J.J.; Rhee, C.M.; Rosas, S.E.; Rossing, P.; Bakris, G. Diabetes
Management in Chronic Kidney Disease: A Consensus Report by the American Diabetes Association (ADA) and kidney disease:
Improving Global Outcomes (KDIGO). Diabetes Care 2022, 45, 3075-3090. [CrossRef] [PubMed]

Yau, K.; Dharia, A.; Alrowiyti, I.; Cherney, D.Z. Prescribing SGLT2 Inhibitors in Patients With CKD: Expanding Indications and
Practical Considerations. Kidney Int. Rep. 2022, 7, 1463-1476. [CrossRef] [PubMed]

Neuen, B.L.; Young, T.; Heerspink, H.J.L.; Neal, B.; Perkovic, V.; Billot, L.; Mahaffey, KW.; 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]

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.


https://doi.org/10.1016/j.kisu.2021.11.006
https://doi.org/10.1056/NEJMoa2025845
https://doi.org/10.1016/j.kint.2022.06.013
https://doi.org/10.1136/bmj.m4573
https://doi.org/10.1016/S2213-8587(18)30104-9
https://doi.org/10.1056/NEJMoa1616011
https://doi.org/10.1161/CIRCULATIONAHA.119.042007
https://www.ncbi.nlm.nih.gov/pubmed/31291786
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.2337/dci22-0027
https://www.ncbi.nlm.nih.gov/pubmed/36189689
https://doi.org/10.1016/j.ekir.2022.04.094
https://www.ncbi.nlm.nih.gov/pubmed/35812300
https://doi.org/10.1016/S2213-8587(19)30256-6

	Introduction 
	Mechanism of Action 
	Effectiveness 
	Effectiveness in CKD 
	Effectiveness in CHF 
	Effectiveness in Stroke 
	Safety Profile and Adverse Effects 
	Genital Mycotic Infections 
	Urinary Tract Infection (UTI) 
	Lower-Limb Amputation/Fractures 
	Volume Depletion 
	Adjustment and Interaction with Other Medications 
	GLP-1 Agonist 


	Discussion 
	Conclusions 
	References

