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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic and
intricate metabolic condition. Sodium-glucose co-trans-
porter 2 (SGLT2) inhibitors are the recent category
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of oral medicines that are FDA-approved for treating
T2DM. Significant advancements have been made in
this class of drugs’ safety and effectiveness over the
previous years. By decreasing renal tubular glucose
uptake, SGLT2 inhibitors lower blood sugar levels
without triggering the release of insulin. The benefi-
cial impacts of SGLT2 in T2DM have been confirmed
in preliminary clinical studies with satisfactory safety
and high tolerability. SGLT2 inhibitors have recently
received FDA approval for a variety of uses, including
heart failure (HF) treatment for reduced and preserved
ejection fraction, diabetic kidney disease (DKD) treat-
ment, and reduction of hospitalizations for HF in pa-
tients with T2DM and DKD. In T2DM persons with car-
diovascular disease (CVD), these advantages include
lowering cardiovascular mortality as well as the risk of
cardiac arrest and stroke. The present article summa-
rizes the SGLT2 inhibitors and their clinical benefits in
diabetes management and cardiorenal protection.
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Introduction

Chronic hyperglycemia is a feature of T2DM, which
is marked by inadequate insulin signaling brought on
by impaired insulin secretion and insulin resistance.
Endogenous glucose production (EGP) or glucagon
production is also associated with T2DM (1). When
chronic renal impairment is present, the likelihood of
cardiovascular disease (CVD) rises by two to three times
in T2DM patients. Patients with T2DM are more likely to
experience heart failure (HF) and diabetic kidney disease
(DKD) along with atherosclerosis (2).

Major diabetes consequences including myocardial
infarction and stroke are becoming more common,
leading to hospitalizations (3). Drug therapy aims to stop
microvascular consequences, such as blindness and
end-stage kidney disease (ESKD) (4). The treatment
options for T2DM have proliferated as our understanding
of the underpinning pathophysiological deficiencies
continues to advance (5). It has been advocated that
lifestyle modifications and monotherapy, particularly
metformin, be the initial course of action for the treatment
of T2DM. Drugs like insulin, dipeptidyl peptidase-4 (DPP-
4) inhibitors, glucagon-like peptide 1 (GLP1) receptor
agonists, sulfonylureas, thiazolidinediones, and sodium-
glucose cotransporter 2 (SGLT2) inhibitors are being used
often to manage blood sugar. These medications have
had an incredible degree of clinical success (5).

Inhibitors of SGLT2 promote glucose excretion in urine
by preventing the reabsorption of glucose in the renal
proximal tubules (6). Exercise and diet can be paired with
SGLT2 inhibitors. They can be used alone or in conjunction
with some antidiabetic medications, including metformin
(7). In comparison to placebo, SGLT-2 inhibitors caused
higher adverse events in research studies including T2DM
patients, particularly vaginal infections, amputations and
fractures (8). SGLT-2 inhibitors were associated with a
decreased probability of adverse events leading to patient
withdrawal when compared to GLP-1 agonists (9).

In addition, the major risk factor for cardiovascular (CV) and
chronic kidney disease (CKD) is believed to be diabetes
mellitus (DM). (10). Up until a few years ago, managing
blood pressure, regulating glucose levels, and preventing
renal hyperfiltration injury were the three main strategies for
preventing the onset of CVD and DKD with class of drugs
such as angiotensin-receptor-blockers (ARBs) or ACE
inhibitors (11). Regardless of receiving the best possible
medical care, a substantial number of patient population
still experience progression of the said disease. Over the
past few years, individuals with T2D have received both
direct and indirect proof of considerable CV and renal
protective effects from clinical trials with SGLT2 inhibitors.
(12,13). Despite the apparent clinical advantages, the
underlying mechanisms are not well understood. Heart
failure (HF) and DKD progress due to fibrosis, oxidative
stress, inflammation, and hemodynamic dysfunction.
These channels’ attenuations caused by SGLT2 inhibitors
probably help to protect the kidneys and cardiovascular
system.

The current review compiles the literature based on the
approved class of SGLT2 inhibitors for managing diabetes.
It also overviews a list of clinical studies implying the
cardiorenal protection offered by the said class of drugs.

Role of SGLT2 inhibitors for managing diabetes

a. Mode of action of SGLT2 inhibitors

A vital biological function of the SGLT-2 proteins found in
proximal convoluted tubules (PCTs) of the kidneys is to
reabsorb glucose from the lumen of the tubules. Reports
suggest the fact that inhibitors of SGLT2 reduce HbA1c
level by 0.7% (14).

Since they are accountable for about 90% of the filtered
glucose reabsorption, these transporters are excellent
targets for the therapy of diabetes (15). The standard
renal threshold for the action of glucose reabsorption is
similar to a blood glucose level of about 180 mg/dL. This
threshold may rise in T2DM patients, and the expression
of the SGLT2 may be elevated, leading to an unfavorable
reaction that exacerbates hyperglycemia (16). The use of
SGLT2 inhibitors allows for the selective suppression of the
said threshold (17). In contrast, people with familial renal
glucosuria (FRG), do not have active SGLT2 proteins. In
an episode of normoglycemia, they exhibit glycosuria.
Hypotension and hypoglycemia are uncommon in FRG
patients, indicating the safety of both their short and long
term usage (18).

The renin-angiotensin-aldosterone pathway is known
to be inhibited, afterload and preload are decreased,
and cardioprotection is achieved by blocking the SGLT-
2-dependent glucose and sodium reabsorption. In a
research, empagliflozin lowered ambulatory arterial
stiffness index and mean arterial pressure (19). In
preclinical trials, vasodilation caused by dapagliflozin
is observed. Additionally, dapagliflozin therapy lowered
oxidative stress, increased endothelial function, decreased
arterial stiffness, and generally had a positive impact on
the vasculature (20).

Inhibitors of SGLT2 may perform their nephroprotection
by increasing distal sodium supply and preventing
tubuloglomerular feedback, which results in afferent
vasoconstriction and decreased intraglomerular pressure.
Albuminuria decreases as intraglomerular pressure
is reduced. Natriuresis is caused by interference with
proximal sodium and glucose reabsorption. Considerable
weight loss, lowered blood pressure, and a decrease in
effective circulatory volume are side effects of SGLT2
inhibitors. Furthermore, SGLT2 inhibitors reduce renal
hypoxia, affect mitochondrial metabolism in kidney tissue,
and change variables that cause inflammation and fibrosis
(21,22).

b. List of FDA approved SGLT2
management of diabetes

Several SGLT2 inhibitors are presently undergoing clinical
studies or have received approval for the treatment
of T2DM. Four SGLT2 selective inhibitors namely
canagliflozin, dapagliflozin, ertugliflozin and empagliflozin

inhibitors in
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have been authorized for mono, dual, and triple therapy
(23). In addition, a number of other comparable compounds
are in development and could receive approval soon
(24). Canagliflozin/metformin, dapagliflozin/metformin,
empagliflozin/metformin, and empagliflozin/linagliptin are
four other combination drugs that have received FDA
approval.

On March 29, 2013, the first SGLT-2 inhibitor, canagliflozin,
was approved by the FDA. Used in combination with
diet and exercise, it is suggested for adult patients with
T2DM. In addition, it has been demonstrated to lessen the
risk of unfavorable CV events in T2DM individuals with
preexisting CVD as well as the dangers of end-stage renal
disease (ESRD), CV mortality and albuminuria in diabetic
nephropathy patients (25).

In January 2014, the FDA approved dapagliflozin. Along
with diet and exercise, the medication is intended for
type 2 DM adult patients to help regulate blood glucose
levels. Other indications include lowering the risk of CV
mortality and hospitalization rates in older individuals with
underlying HF, as well as lowering EF (26). Dapagliflozin is
also recommended for CKD patients at risk of progressive
kidney disease to reduce the risk of ongoing deterioration
in ESRD, estimated glomerular filtration rate (eGFR), CV
mortality, and hospitalization for HF. The FDA broadened
the indication for dapagliflozin in May 2023 to cover heart
failure over the full range of left ventricular ejection fraction
(LVEF). Both HF with intact ejection fraction (HFpEF) and
HF with modestly reduced ejection fraction (HFmrEF) fall
under this category (27).

The FDA approved empagliflozin following the approval
of dapagliflozin in the year 2014 (28). In combination with
diet and exercise, empagliflozin is recommended for adult
patients with T2DM to help improve blood glucose control.
It is also recommended for patients with ASCVD, T2DM,
and adult patients with underlying HF and reduced EF to
reduce the risk of CV mortality and heart failure related
hospitalization (29).

c. List of studies implying the application of SGLT2
inhibitors for managing diabetes

According to Chen et al. (2013), SGLT2 is mostly
expressed in the PCT and is known for its low affinity,
high volume, and role in glucose reabsorption from the
glomerular filtrate back into the systemic circulation (30).
SGLT2 inhibitors increase urine glucose excretion by
decreasing renal reabsorption and lowering renal glucose
threshold (31,32). This lowers HbA1c by about 0.6 to 1.0%.
A summary of clinical studies demonstrating the utility of
several SGLT2 inhibitors for treating T2DM is provided in
Table 1.
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Table 1: Use of SGLT2 inhibitors for managing diabetes

SGLT2 inhibitor Objective Study result Reference
Empagliflozin Evaluation of safetyand T2DM patients who received Ferrannini et al.,
long-term effectiveness of long-term empagliflozin 2013 (33)
metformin, sitagliptin, and medication reported good
the sodium glucose tolerance, maintained glycemic
cotransporter 2 and weight management, and a
inhibitor, empagliflozinin minimal risk of hypoglycemia
T2DM patients was noted.
canagliflozin To investigate the effects of | When compared to a placebo at | Bode et al., 2015
canagliflozinon HbALC week 26, canagliflozin (34)
levels treatments of 100 and 300 mg
significantly lowered HbALC
levels.
ertugliflozin To assess ertugliflozin's In AsianT2DM patients, Jietal., 2019 [35)
effectiveness and safetyin ertugliflozin dramatically
Asian patients with T2DM lowered systolic blood pressure,
that is mot properly body weight, and provided
managed by metformin, adeguate glycaemic control.
including a subgroup from Overall, ertugliflozinwas well
China. tolerated by the treated group
of patients. The outcomes in the
China subpopulation were in
agreement with the population
as a whole.
canagliflozin To evaluate the Greater HbAlc lowering was Cefalu et al., 2013
effectiveness and safety of achieved with canagliflozinthan | (36)
glimepiride against withglimepiride, and it was well
canagliflozin, anSGLT2 tolerated in type 2 diabetics
inhibitor, in individuals with | using metformin.
T20M that is not effectively
managed by metformin.
dapagliflozin To assess the effectiveness Exenatide and dapagliflozin Frias et al, 2016
and safety of combining the | wereintroduced together to [37)
SGLT2 inhibitor, enhance a number of glycemic
dapagliflozinwiththe GLP-1 | measurements and CV risk
receptor agonist, exenatide | factors of T2DM patients that
in individuals with T20M metforminalone was unable to
where metformin adeguately treat. The two-
management has not been treatment planwas well
effective. tolerated and had the
anticipated safety profile.
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Table 1: Use of SGLT2 inhibitors for managing diabetes (continued)

30

ertugliflozin To assess ertugliflozin's Through week 104, ertugliflozin | Gallo et al., 2019
safetyand long-term continued to show gains over [38)
effectiveness in T2DM baseline in body weight, HbALC,
patients thatis not fasting blood glucose, and
effectively managed by systolic blood pressure. With
metformin. slight medifications in bone

mineral density that were not
clinically significant, ertugliflozin
was well tolerated inthe
treated group of patients.

canagliflozin To compare the efficiency T2DM patients taking Lavalle-Gonzalez
and safety of canagliflozin, a | metformin, canagliflozin et al., 2013 [39)
medication for T2DM, with lowered body weight and
placebo and sitagliptinin improved glycemia compared to
patients receiving placebo (week 26) and
background metformin sitagliptin (week 52), and it was
therapy. well-toleratedin general.

ertuglifiozin To compare the safetyand Co-administration of Pratley et al., 2018
effectiveness of co- ertugliflozinand sitagliptin, (40)
administration of compared to the use of the two
ertugliflozinand sitagliptin medications separately,
in T20M patients whose significantlyimproved glycemic
condition is not sufficiently control over the course of 52
controlled by metforminte | weeksin patients with
those of the individual uncontrolled T2DM who were
drugs. alsotaking metformin.

List of studies implying the role of SGLT2 in cardiorenal protection

a. Clinical studies about the role of SGLT2 in cardiovascular protection
Despite the fact that diabetes affects a wide range of target organs, cardio-renal consequences impose the greatest
burden on the National Health System in terms of morbidity and mortality (41,42). Table 2 entails a list of clinical studies
employing the effects of SGLT2 inhibitors such as Canagliflozin, dapagliflozin, and empagliflozin in cardiovascular

protection.
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Table 2: List of clinical studies employing the effects of SGLT2 inhibitors in cardiovascular protection.

Identifier Title Ohjective Intervention | Study Result Reference
phase
MCTO42522 | Canagliflozin: Impact | Comparison of Drus: I KCCOTES for 12 Spertus et
827 on Health Status, the efficiencyof | Canagliflozin weekswas4 2 points | al., 2022
Cuality of Life, and canagliflozin 100 | 100 mg [P=0.016) greater [43)
Functional5tatusin | mgdosed daily Drug: Placebo with canagliflozin
Heart Failure [CHIEF- | with placebo for than with placebo.
HF) enhancingthe Canzgliflazin
owersll Total effectively reducsd
Symptom Score HF's symptom
[T=5) ofthe burden, irrespective
Kansas City of EF or diabetes
Cardiomyopathy status, asevidenced
Cuestionnaire by the similar results
[KCCO)in people seen in individuals
with with HFpEF, HFrEF,
symptomatic and participants with
heart failure and without
[HF). dizbetes.
MCTO11316 | A Phase I, Toexamine the | Drug: BI1D773 | 1 When empagliflazin | Zinman et
76 Multicentre, safety ofusing Bl | low doss wiasincludedin al., 2015
International, 10772 inthose | Drug:Placebo sddition to standard | [44)
Randomised, Parallel | who have TZDM | Bl 107732 high therapy, patients
Group, Double Blind | and are at high dase with T2DM with high
Cardiowvascular 5=ty | OV risk. Drug: BI 10773 risk far
Study of Bl 10772 (10 high dose cardiovascular
mgand 25 mg events experienced 2
Administered Orally decreased rate of the
Once Daily) primary compaosite
Compared to Usual cardiovascular
Carein T2DM autcome and
Patients With martality fromany
Increzsad CW Risk cause when
compared with thos
whoreceiveda
placebo.
MCTO20579 | A Phase I To determine Drug: 1 Irrespective ofthe Ankeretal.,
Lo | Randomised, whether Empagliflazin presence orabsence | 2021(45)
Double-blindTrialto | empasliflazin Drug: Placebo of diabetes,
Evzluate Efficacy and | increases patient empaeliflozin
Safety of Once Daily | survival and decreased the
Empagliflozin 10mg | reducesthe combined risk of CV
Compared to likelihoodthat desth ar
Placebo, inPatients | patientswith haspitalization for HF
With heart failure will in individuals with HF
Chronic Heart Failure | need to be and = preserved EF.
With Preserved sdmitted tothe
Ejection Fraction hospital.
[HFpEF)
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Table 2: List of clinical studies employing the effects of SGLT2 inhibitors in cardiovascular protection (continued)

MCTO17305 | Dapsagliflozin Effect | Toascertain the | Drug: Dapaelifl | I Trestment with Wiviott et
34 an Cardiovascular impact of azin 10 mg dapaglifiozin did not | al., 2019
Events. A dapaglifiozinon | Drug: Placebo end upresultingina | [46)
hMulticenter, outcomes for tzblet higher ar lower rate
Randoamized, individuals with of MACE compared
Double-Blind, T2DMwhao have to placebo inT2 DM
Placebo-Controlled either developed patientswhao hador
Trial to Evaluate the | CVD or have CV were 2t risk for
Effect of risk factars when atherasclerotic
Dapagliflozin 10mg | incorporated cardiovascular
Once Daily on the inta background dizezse, but it
Incidence of trestment ultimately resulted in
Cardigvascular a reduced likzlihood
Death, Myocardial of cardiovascular
Infarction ar desth ar
Ischemic 5trokein haspitalization for
Patients With Type 2 heart failure, an
Dizbetes autcome which
indicatesa lower
rate of
haspitalization for
patients with heart
failure.
MCTO20261 | Toinvestigate To z=sess Drus: Regardlessof 2 hchMurray
24 Dapagliflozin's effect | dapagliflozin's Dizpasliflozin " history of diabetes, | etal., 2019
an the Incidence of impact on the Drug: Placebo dapzagliflozin (47}
Warsaning Heart CWD occurrence trestmentwas
Failure ar arwarsening HF sssocisted witha
Cardigvascular Desth | in people with lowwrer risk of
in Patients With chranic HF and 2 progressive heart
Chronic Heart Failure | low EF. failure or death from
With Reduced cardiowascular
Ejection Fraction dize=zse amaonsg
patientswith HF and
areduced EF.
b. Clinical studies about the role of SGLT2 in renal protection

The major PCT hyper-reabsorption characteristic of diabetic illness is mitigated by SGLT2 inhibitors. By enhancing salt
transport to the macula densa, SGLT2 inhibitors improve glycosuria and natriuresis, restore tubuloglomerular feedback
(TGF), and encourage the constriction of afferent and the dilatation of efferent arterioles (48). SGLT2 inhibitors can lessen
glomerular hypertension, hyperfiltration, barotrauma, and albuminuria by modifying renal hemodynamics. These are all
essential early indicators for preventing diabetic kidney disease (DKD), because SGLT2 inhibitors slow down the disease’s
progression over time. The following section (Table 3) entails a list of clinical studies employing the effects of SGLT2 inhibitors
such as Canagliflozin, dapagliflozin, empagliflozin in renal protection.

32
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Table 3: List of clinical studies employing the effects of SGLT2 inhibitors in renal protection

Identifier Title Objective Intervention Study | Result Reference

phase

MCTD1D22629. | A Randomized, The studyaimedto | Drug: Placebo 1] Patients using Mezl 2t
Multicenter, evaluate the Drug: canzgliflozin had & al., 2017
Double-Blind, cardiovascular [CV) | Canagliflozin lower likelihood of [49)
Parzllzl, Placebo- risk for major [IM)-ZB431754) cardiovascular
Controlled Study of | 2dverse cardiac 100 mg complications than
the Effects of INJ- | events [MALCE) Drug: those taking 2
28421754 an szsocisted with using | Canagliflozin placebo, butthey
Cardiovascular canaglifiozin [JM- [IMNI-28431754) zlso had 2 higher
Outcomesin Adult | 28431754)in the 300 mg chance of
Subjects With trestmentaof amputation, masthy
T2DM patientswith type 2 stthe tos or

dizbetes mellitus metatarsal level
[TZOM). Afurther

goal wasto sssess

canzgliflozin's

ganearal safaty,

talerability, and

efficacy.

MCTD2026150 | A Studyto Thisstudy zimedto | Drug: 1] Dapagliflozin Heerspink
Evaluzate the Effect | assess dapagliflozin's | Dapagliflozin substantizlly et al.,
of Dapagliflozin an | impact on CV Drug: Placebo decrezsed the riskof | 2013 [50)
Renal Outcomes mortality and renal a compaosite of ESKD,
and CV Martality in | endpaointsin patients desth fram renzlar
Patients With CKD | with chronic kidney CW-related causes, or

dizease. 2n ongoing decreass
in estimated GFR of
st least 50% amaong
patientswith CKD,
irrespective afthe
presance orabssnce
ofdizsbetes.

NCTD20857391 | A Randomized, To determine Drug: 1] Atz medizan follow- | Perkovic
Double-blind, whether Canagliflozin upofaround 2.62 et al.,
Event-driven, canzgliflozing when Drug: Placebo years, the likelihood | 2019 (51)
Plzcebo- given to participants of kidney failure and
controlled, with T2DM, 5tage 2 cardiogwvascular
MulticenterStudy | or 2 CKD, and incidents was lower
ofthe Effects of macroalbuminuria in the canzagliflozin
Canagliflozin an who were abtaining group thanin the
Renal and standard of care, placebo graup
Cardiovascular which involves a amang individuals
Cutcomesin maximum tolersted with T20M a2nd rena
Subjects With Type | labeled daily dose of dizezse.

2 Dizabetes Mellitus | an ACEi or ARE, hasa

and Dizbetic renal and vascular

Mephropathy protective impact
that minimizesthe
development of
renal impaiment
compared with
placebo.
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Table 3: List of clinical studies employing the effects of SGLT2 inhibitors in renal protection (continued)

Glycamic Efficacy
and Renal Safety of
Dapagliflozinin
Patients With
T2DM 2nd
Moderzte Renal
Impairment [CKD
ZA)Who Have
Inadequate
GlycemicControl

levels st week 27.

MCTD2190654 | A Studyto Assess | The hypothesis being | Drug: Il In patients with Cherney
the Renoprotective | tested inthistrizlis | Dapagliflozin chronic renzsl diseas | et al.,
Effects ofthe that dapaglifiozin 10mg but without 2020 ([52)
SGLT2 Inhibitor decrazses dizbetes,

Dapagliflozin in proteinuriainthose dapasliflozin
Mon-Diabetic with non-diabetic medication fora
Patients With chronic kidney time period of 6
Proteinuria: a disezss. wesks caused an
Randomized immedizte and
Double Blind &- temparary fall in
Weeks Cross-Owear mEFR zswellas 2
Trial decreass in
bodyweisht

NCTO2413398 | A Multicenter, To determine if Drug: Dapaglifioz | I At'Week 24, Fioretto
Double-Blind, dapagliflozin can in 10 mg dapzagliflozin caused | etal,,
Placebo- lower blood sugar ) higher reductionsin | 2018 (53)
Controlled, Parglel | levelsin those with | DTUE: Matching e GFR from baseline
Group, Type 2 dizbetes and Fla:Eh?fﬂr_ than the placebo.

Randomized, .signiﬂ-'.: ant renal Hepagifoan However, eGFR
Phase |1l Study to impairment O e L
Evzluste the

Conclusion

The evidence from large RCTs has recently shown that
SGLT2 inhibitors have unforeseen but effective and undeniable
cardiorenal protective effects that develop soon after the
beginning of treatment and are therefore effective even in
people without diabetes. These characteristics go far beyond
their initial therapeutic target of minimizing glucose. SGLT2
inhibitors require to be specifically investigated as prospective
treatment options against the so-called “cardiorenal syndrome,”
an acronym established about two decades ago to explain the
significant connection between HF and renal disorders. This
is predicated on the significant advantages of cardiorenal
protection that showed up from a handful of clinical trials. In
order to increase the number of individuals who can utilize
these medications, the clinical data that has been collected will
assist to identify the patients who will benefit from them the
most. Clinicians should be aware that SGLT2 inhibitors may be
administered in this situation, devoting close attention to patients
with moderate CKD, and that elderly patients are more likely to
experience side effects. Additionally, it is essential that gliflozins
are delivered under strict control and following earlier patient
training in ketosis-prone situations, such as alcoholism, the
ketogenic diet, and prolonged fasting states for whatever cause.
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