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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
Georgian and Russian materials). With computer-printed texts please enclose a CD carrying the same file titled
with Latin symbols.

2. Size of the article, including index and resume in English, Russian and Georgian languages must
be at least 10 pages and not exceed the limit of 20 pages of typed or computer-printed text.

3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.

Authors of the scientific-research works must indicate the number of experimental biological spe-
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following sections: aim of study, material and methods, results and conclusions) and a list of key words.

5. Tables must be presented in an original typed or computer-printed form, instead of a photocopied
version. Numbers, totals, percentile data on the tables must coincide with those in the texts of the
articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
each photograph with a pencil on its back, indicate author’s name, title of the article (short version), and
mark out its top and bottom parts. Drawings must be accurate, drafts and diagrams drawn in Indian ink
(or black ink). Photocopies of the X-ray photographs must be presented in a positive image in tiff format.

Accurately numbered subtitles for each illustration must be listed on a separate sheet of paper. In
the subtitles for the microphotographs please indicate the ocular and objective lens magnification power,
method of coloring or impregnation of the microscopic sections (preparations).

7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors were
originally developed as glucose-lowering agents for patients
with type 2 diabetes mellitus (T2DM). However, a growing
body of robust clinical evidence has demonstrated their
profound cardioprotective and nephroprotective effects that
extend beyond glycemic control. This review summarizes the
current understanding of the mechanisms underlying these
benefits and the clinical implications across a wide range of
patient populations. We discuss landmark cardiovascular and
renal outcome trials, evaluate the physiological and molecular
mechanisms, including hemodynamic modulation, anti-
inflammatory and antifibrotic effects, and improvements in
myocardial and renal energetics, and assess the role of SGLT2
inhibitors in heart failure with reduced and preserved ejection
fraction, as well as in chronic kidney disease with and without
diabetes. The translation of these findings into clinical guidelines
has reshaped therapeutic strategies in both endocrinology and
cardiology, underscoring the importance of SGLT2 inhibitors
as a cornerstone in cardiorenal protection.

Key words. SGLT2 inhibitors, type 2 diabetes, heart failure,
chronic kidney disease, cardioprotection, nephroprotection,
dapagliflozin, empagliflozin, canagliflozin, cardiovascular
outcomes.

Introduction.

Type 2 diabetes mellitus (T2DM) has evolved into one of
the most prevalent and costly chronic conditions worldwide.
According to the International Diabetes Federation, over 537
million adults globally were living with diabetes in 2021,
and this number is projected to exceed 783 million by 2045,
driven largely by demographic shifts, urbanization, sedentary
lifestyles, and nutritional transitions [1]. T2DM contributes
significantly to premature mortality and health system burden,
not only through direct glycemic effects but primarily through
its systemic complications.

Although hyperglycemia has historically been the primary
therapeutic target, it is now well-established that normalization
of blood glucose alone does not eliminate the elevated risks
of cardiovascular (CV) events, heart failure (HF), and chronic
kidney disease (CKD) in patients with T2DM [2,3]. Landmark
trials such as ACCORD, ADVANCE, and VADT demonstrated
that intensive glycemic control modestly reduces the risk
of microvascular complications but has little to no effect on
macrovascular outcomes and may even increase mortality in
certain subgroups [4-6]. These findings underscored the need
for pharmacological interventions capable of modifying disease
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progression at the cardiorenal level, independent of glucose-
lowering efficacy.

The introduction of sodium-glucose cotransporter 2 inhibitors
(SGLT2i) represented a pivotal shift in the therapeutic landscape.
Originally developed as insulin-independent antihyperglycemic
agents, SGLT2i act by inhibiting the SGLT2 protein in the renal
proximal tubule, thereby promoting glycosuria and natriuresis.
This mechanism results in moderate reductions in plasma
glucose, body weight, and systolic blood pressure, along with
mild diuresis [7]. However, emerging evidence from large-scale
cardiovascular outcome trials (CVOTs) rapidly redefined their
clinical role.

The EMPA-REG OUTCOME trial (empagliflozin), CANVAS
Program (canagliflozin), DECLARE-TIMI 58 (dapaglifiozin),
and VERTIS-CV (ertugliflozin) collectively established that
SGLT?2i not only reduce hospitalization for heart failure (HHF)
but also significantly lower the risk of cardiovascular death,
particularly in patients with pre-existing ASCVD or multiple
risk factors [8-11]. Furthermore, studies such as DAPA-HF and
EMPEROR-Reduced demonstrated that these benefits extend
to patients without diabetes, confirming SGLT2 inhibition as
a viable strategy for heart failure management independent of
glycemic status [12,13].

The renoprotective properties of SGLT2 inhibitors have also
garnered considerable attention. Trials such as CREDENCE
(canagliflozin) and DAPA-CKD (dapagliflozin) reported
marked reductions in albuminuria, preservation of estimated
glomerular filtration rate (eGFR), and delayed progression
to end-stage kidney disease (ESKD) among patients with
CKD, including those without diabetes [14,15]. The EMPA-
KIDNEY trial further reinforced these outcomes, leading to the
endorsement of SGLT2i by nephrology societies as cornerstone
therapy for CKD [16].

The mechanisms underlying the cardiorenal protection offered
by SGLT2 inhibitors are multifactorial and incompletely
understood. Hemodynamic effects, including reductions in
preload, afterload, and intraglomerular pressure, appear to
play a key role, as do metabolic shifts such as increased ketone
availability, improved myocardial energetics, and decreased
tubular oxygen consumption [17,18]. Additionally, SGLT2i
may exert anti-inflammatory and antifibrotic actions by
downregulating pro-inflammatory cytokines (e.g., TNF-a, IL-6),
reducing oxidative stress, and inhibiting NLRP3 inflammasome
activation in cardiac and renal tissues [19,20].

Beyond these mechanisms, emerging data suggest potential
benefits on endothelial function, sympathetic nervous
system modulation, epicardial adipose tissue reduction, and
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hematopoiesis via increased erythropoietin production [21-23].
Notably, these effects occur independently of glycemic control
and are observed across diverse populations, reinforcing the
concept of SGLT2 inhibitors as organ-protective agents rather
than purely metabolic drugs.

The broad spectrum of efficacy and favorable safety profile
have prompted updates in international clinical guidelines.
The American Diabetes Association (ADA), European Society
of Cardiology (ESC), kidney disease: Improving Global
Outcomes (KDIGO), and American Heart Association (AHA)
now endorse the use of SGLT?2i as first-line or early adjunctive
therapy in patients with established ASCVD, HF with reduced
ejection fraction (HFrEF), or CKD — regardless of the presence
of T2DM [24-27].

Given these transformative developments, the present
review aims to provide an in-depth synthesis of the current
evidence surrounding SGLT2 inhibitors. We critically examine
their pharmacokinetic and pharmacodynamic properties,
cardiovascular and renal outcome data, mechanisms of action,
safety considerations, and positioning in current treatment
algorithms. By integrating clinical trial findings with mechanistic
insights, this article seeks to clarify the evolving role of SGLT2
inhibitors across the cardio-renal-metabolic continuum and to
highlight their implications for real-world practice.

Historical Background and Conceptual Evolution.

The clinical development of sodium-glucose cotransporter 2
(SGLT2) inhibitors stems from decades of investigation into
renal glucose handling. In healthy individuals, approximately
180 grams of glucose are filtered daily by the glomeruli, with
nearly complete reabsorption occurring in the proximal tubules.
SGLT2 accounts for approximately 90% of this reabsorption,
while SGLT1 handles the remainder in the more distal nephron
segments [17]. This physiologic mechanism provided the
rationale for targeting SGLT2 as a means to lower plasma
glucose levels via enhanced urinary excretion.

The therapeutic concept was inspired by phlorizin, a natural
compound isolated from the bark of apple trees in the 19th
century, which was later found to inhibit both SGLT1 and
SGLT2. Although phlorizin demonstrated glycosuric properties
in animal studies, its clinical application was hindered by
poor oral bioavailability and significant gastrointestinal side
effects due to SGLT1 inhibition [17,21]. These limitations led
to the development of more selective and orally bioavailable
SGLT2 inhibitors in the early 2000s, including dapagliflozin,
canagliflozin, and empagliflozin [24].

Initial phase 2 and 3 clinical trials of these agents demonstrated
moderate reductions in glycated hemoglobin (HbAlc), along
with favorable effects on body weight and systolic blood
pressure [24]. Their insulin-independent mechanism of action
and low risk of hypoglycemia distinguished SGLT2 inhibitors
from other antidiabetic agents such as sulfonylureas or insulin
[5,24]. However, following concerns about cardiovascular risks
raised by the rosiglitazone experience, the U.S. FDA introduced
a requirement in 2008 for all new glucose-lowering agents to
demonstrate cardiovascular safety in large-scale trials [4].

The EMPA-REG OUTCOME trial, published in 2015,
fundamentally altered the perception of SGLT2 inhibitors. In
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patients with type 2 diabetes and established atherosclerotic
cardiovascular disease (ASCVD), empagliflozin significantly
reduced cardiovascular death by 38%, hospitalization for heart
failure (HHF) by 35%, and all-cause mortality by 32% [8].
These findings were both unexpected and unprecedented in the
field of diabetology, as no previous glucose-lowering therapy
had demonstrated such robust cardiovascular benefit.

Subsequent trials, including CANVAS (canagliflozin),
DECLARE-TIMI 58 (dapagliflozin), and VERTIS-CV
(ertugliflozin), confirmed consistent reductions in HF
hospitalizations across broader patient populations, including
individuals without prior cardiovascular events but with multiple
risk factors [9-11]. Notably, DAPA-HF and EMPEROR-
Reduced extended these findings to patients with heart failure
with reduced ejection fraction (HFrEF), irrespective of diabetes
status, thus demonstrating the benefit of SGLT2 inhibition
beyond glycemic control [12,13].

In nephrology, a similar transformation occurred. The
CREDENCE trial showed that canagliflozin significantly
reduced the risk of end-stage kidney disease (ESKD), doubling
of serum creatinine, and renal or cardiovascular death in
patients with type 2 diabetes and chronic kidney disease [14].
Shortly after, DAPA-CKD demonstrated that dapagliflozin
improved renal and cardiovascular outcomes in patients with
CKD, including those without diabetes [15]. These results
were further reinforced by the EMPA-KIDNEY trial, which
confirmed the renoprotective effect of empagliflozin across
diverse populations [16].

Based on these consistent findings, international clinical
guidelines rapidly evolved. The American Diabetes Association
(ADA) and the European Society of Cardiology (ESC) began
recommending SGLT2 inhibitors as foundational therapies
in patients with T2DM and comorbid ASCVD, heart failure,
or CKD [24,25]. The Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines and the American Heart
Association/American College of Cardiology/Heart Failure
Society of America (AHA/ACC/HFSA) guidelines further
endorsed SGLT?2 inhibitors in non-diabetic populations with
HF and CKD [26,27].

This repositioning of SGLT2 inhibitors from purely
antihyperglycemic agents to cardio-renal protective drugs
represents a major paradigm shift in clinical pharmacology. The
cardiovascular and renal benefits observed appear to be largely
independent of their glucose-lowering effects and are instead
attributed to mechanisms such as improved hemodynamics,
reductions in intraglomerular pressure, modulation of
neurohormonal activation, and attenuation of inflammation and
fibrosis [18-20].

Moreover, the success of SGLT2 inhibitors has renewed
scientific interest in the renal-cardiac-metabolic axis. This has
led to the development of dual SGLT1/2 inhibitors such as
sotagliflozin, which showed efficacy in the SOLOIST-WHF and
SCORED trials for heart failure and chronic kidney disease in
patients with diabetes [7]. These findings support the growing
recognition of sodium-glucose co-transport modulation as a
promising therapeutic avenue beyond glycemic control.

Understanding the trajectory of SGLT2 inhibitors — from
physiologic curiosity and glycosuric agents to multifaceted



organ-protective therapies — is essential for contextualizing
their role in contemporary and future clinical practice. The next
section will examine the pharmacodynamics and mechanisms
of action that underlie this expanded therapeutic potential.

Pharmacodynamics and Mechanisms of Action of SGLT2
Inhibitors.

Sodium-glucose cotransporter 2 inhibitors (SGLT2i) represent
a novel class of antidiabetic drugs with multifaceted biological
effects extending far beyond glycemic control. Their primary
pharmacological action occurs in the proximal convoluted
tubule, where they inhibit SGLT2 — a high-capacity, low-affinity
transporter responsible for reabsorbing ~90% of filtered glucose
[17,28]. Inhibition of this transporter induces glycosuria,
leading to modest reductions in plasma glucose and glycated
haemoglobin (HbAlc), typically in the range of 0.5-1.0% [29].

However, the profound cardiovascular and renal benefits
observed in major outcome trials have made it clear that SGLT2
inhibitors exert a wide array of non-glycaemic effects, involving
hemodynamic modulation, metabolic remodelling, and anti-
inflammatory mechanisms. These pleiotropic actions have
redefined their therapeutic role in modern medicine.

Hemodynamic Modulation: One of the earliest and most
robust effects of SGLT21 is osmotic diuresis, which arises due to
urinary glucose excretion. This promotes a shift in volume from
interstitial to intravascular compartments, reducing preload
and afterload without triggering sympathetic overactivation
[30,31]. Unlike traditional diuretics, SGLT2i primarily reduce
interstitial rather than intravascular volume, which may explain
their favourable effects on congestion in heart failure [32].

Renal sodium excretion also leads to increased delivery
of sodium to the macula densa, restoring tubuloglomerular
feedback. This in turn reduces intraglomerular hypertension,
one of the key drivers of nephron injury in both diabetic and
non-diabetic chronic kidney disease (CKD) [33,34]. This effect
underpins the renoprotective outcomes demonstrated in the
CREDENCE, DAPA-CKD, and EMPA-KIDNEY trials [14-
16].

Metabolic and Energetic Effects: SGLT2 inhibition
alters substrate utilization by promoting a mild ketogenic
state. By decreasing insulin and increasing glucagon levels,
SGLT2i enhance lipolysis and hepatic ketogenesis, resulting
in higher circulating levels of ketone bodies — particularly
B-hydroxybutyrate [35]. Ketones are more energy-efficient
than glucose or fatty acids, improving cardiac mitochondrial
energetics, especially in the failing myocardium [36].

Additionally, SGLT?2 inhibitors:

1. Reduce body weight through caloric loss (~200-300 kcal/
day via glycosuria).

2. Lower uric acid levels via uricosuric effects.

3. Improve hepatic steatosis by enhancing fatty acid oxidation.

4. And reduce visceral adiposity, all of which contribute to
improved cardiometabolic profiles [29,37,38].

Anti-inflammatory and Antifibrotic Mechanisms: A
growing body of evidence highlights the anti-inflammatory
properties of SGLT?2 inhibitors. They reduce circulating levels
of pro-inflammatory cytokines (e.g., IL-6, TNF-a) and suppress
activity of the NLRP3 inflammasome, a key innate immune
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mediator implicated in cardiac and renal fibrosis [39,40].
Preclinical studies demonstrate reduced macrophage infiltration
and fibrotic remodelling in both myocardial and renal tissues
following SGLT?2 inhibition [41].

These actions may directly contribute to the attenuation
of left ventricular hypertrophy, interstitial fibrosis, and
glomerulosclerosis, which are central to the progression of heart
failure and CKD [42].

Neurohormonal and Hematologic Effects: SGLT2 inhibitors
have been shown to modulate neurohormonal activation,
particularly by reducing plasma norepinephrine levels,
suggesting sympathetic downregulation [43]. This may explain
improved heart rate variability and reductions in arrhythmic
burden observed in clinical practice [44].

Another intriguing effect is stimulation of erythropoiesis via
increased erythropoietin production, leading to modest rises in
hematocrit and hemoglobin [21,45]. This may enhance oxygen
delivery and tissue perfusion, further supporting cardiac and
renal function in patients with HF or anemia of chronic disease.

Additional Mechanistic Pathways.

Further proposed mechanisms include:

1. Improved endothelial function via increased nitric oxide
bioavailability and reduced oxidative stress [46].

2. Reduction in epicardial adipose tissue, which serves as a
source of local pro-inflammatory mediators affecting cardiac
contractility and stiffness [47].

3. And enhanced autophagy and mitochondrial biogenesis,
especially under conditions of metabolic stress [48].

These diverse effects underscore the systemic impact of
SGLT2 inhibition and its potential applications across a broad
spectrum of pathologies.

Thus, while SGLT2 inhibitors were initially developed as
glucose-lowering agents, their true therapeutic potential lies
in their multi-organ, multi-pathway modulation, which has
expanded their indications into cardiology, nephrology, and
beyond.

Cardiovascular Outcomes of SGLT2 Inhibitors:

SGLT2 inhibitors have redefined cardiovascular risk
management in patients with type 2 diabetes mellitus (T2DM)
and, more recently, in those without diabetes. Initially developed
as glucose-lowering agents, these drugs demonstrated a
surprising and consistent ability to reduce cardiovascular
(CV) events, particularly hospitalization for heart failure
(HHF), prompting rapid expansion of their indications across
cardiometabolic populations.

Landmark Cardiovascular Outcome Trials in Diabetes:
The pivotal EMPA-REG OUTCOME trial (empagliflozin)
demonstrated a 38% relative risk reduction in CV death, 35%
reduction in HHF, and 32% reduction in all-cause mortality
in patients with T2DM and established atherosclerotic
cardiovascular disease (ASCVD) [8]. These were the first
such results ever reported for a glucose-lowering agent and
represented a paradigm shift in diabetes care.

Subsequent trials provided additional evidence:

1. CANVAS Program (canagliflozin): 14% reduction in
major adverse cardiovascular events (MACE); notable renal
protection; signal for increased amputation risk [9].



2. DECLARE-TIMI 58 (dapagliflozin): non-significant
reduction in MACE, but a 27% reduction in HHF, which was
consistent across subgroups regardless of ASCVD status [10].

3. VERTIS-CV (ertugliflozin): demonstrated non-inferiority
to placebo for MACE but confirmed benefit in reducing HHF
[11].

Across these trials, reduction in HHF emerged as a consistent
and class-wide effect, regardless of baseline cardiovascular
history.

Heart Failure Trials in Non-Diabetic Populations.

The scope of benefit expanded further with trials enrolling
patients with heart failure but without diabetes:

1. DAPA-HF (dapagliflozin): among patients with heart failure
with reduced ejection fraction (HFrEF), dapagliflozin reduced
the composite endpoint of CV death or worsening HF by 26%,
with similar benefit in both diabetic and non-diabetic subgroups
[12].

2. EMPEROR-Reduced (empagliflozin): demonstrated a 25%
reduction in the same composite, along with slower eGFR
decline [13].

These results firmly positioned SGLT2 inhibitors alongside
ACE inhibitors, beta-blockers, and mineralocorticoid receptor
antagonists as foundational therapies in HFrEF.

Even more striking were the findings from:

1. EMPEROR-Preserved (empaglifiozin), which showed a
21% relative risk reduction in the composite of CV death or
HF hospitalization in patients with heart failure with preserved
ejection fraction (HFpEF) [49].

2. DELIVER (dapagliflozin), which confirmed this benefit in
a similar population, including those with mildly reduced EF
[50].

Together, these trials closed a long-standing therapeutic gap in
HFpEF, a condition with historically limited treatment options.

A meta-analysis combining EMPEROR-Preserved and
DELIVER showed a 22% reduction in HHF, consistent across
age, sex, and ejection fraction subgroups, affirming the class
effect in HFpEF [51].

Meta-Analyses and Broader Implications. Multiple
comprehensive meta-analyses have solidified these observations:

1. A 2022 JACC meta-analysis of over 90,000 patients
confirmed that SGLT2 inhibitors reduce HHF by 28%, CV
death by 14%, and all-cause mortality by 13%, across diverse
populations [52].

2. The benefit in HFpEF is now considered statistically robust
and clinically meaningful, even if effects on CV mortality
remain more modest [51,52].

In addition, these findings support the integration of SGLT2
inhibitors into multidisciplinary heart failure care — not merely
as adjuncts, but as disease-modifying agents.

Reflecting this, recent guidelines from the AHA/ACC/HFSA
(2022), ESC (2023), and ADA (2024) now recommend SGLT2
inhibitors as class I agents in HFrEF, and class Ila in HFpEF,
regardless of diabetes status [24-27].

Mechanistic Basis for Cardiovascular Benefits. While the
glucose-lowering effects of SGLT2 inhibitors are modest, the
cardioprotective benefits appear to derive from pleiotropic
mechanisms, including:
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1. Hemodynamic modulation: reduction of preload and
afterload via osmotic diuresis and natriuresis [30].

2. Myocardial energetic shift: increased ketone body utilization
improves myocardial ATP generation and oxygen efficiency
[35.,36].

3. Anti-fibrotic and anti-inflammatory effects: attenuation of
NLRP3 inflammasome activation and macrophage infiltration
limits myocardial and vascular fibrosis [39-41,53].

4. Neurohormonal effects: dampening of sympathetic tone
and increased erythropoietin-mediated hematopoiesis improve
oxygen delivery [21,43,45].

5. Endothelial and mitochondrial protection, through reduction
in oxidative stress and improved nitric oxide bioavailability
[46,48].

SGLT2 inhibitors have decisively moved from metabolic
adjuncts to core cardiovascular therapeutics. Their ability to
reduce heart failure hospitalizations, slow renal function decline,
and improve survival in both HFrEF and HFpEF, regardless of
glycemic status, positions them as one of the most significant
pharmacologic advancements in contemporary cardiovascular
medicine.

Renal Outcomes of SGLT?2 Inhibitors.

Beyond their cardiovascular benefits, SGLT2 inhibitors have
demonstrated remarkable nephroprotective effects in both
diabetic and non-diabetic populations. These effects, originally
observed as secondary outcomes in cardiovascular outcome
trials, have since been confirmed in dedicated renal studies
and have reshaped the management of chronic kidney disease
(CKD).

Early Signals from Cardiovascular Trials: In the EMPA-
REG OUTCOME trial, empagliflozin significantly slowed the
progression of kidney disease, as evidenced by a 39% relative
risk reduction in incident or worsening nephropathy [8].
Similarly, in the CANVAS Program, canagliflozin reduced the
risk of sustained albuminuria progression and improved renal
composite endpoints [9]. The DECLARE-TIMI 58 trial also
reported a 47% reduction in a renal composite outcome with
dapagliflozin [10].

These consistent renal findings across CVOTs suggested a
class effect and motivated the initiation of trials specifically
designed to assess renal outcomes.

Dedicated Renal Outcome Trials: The CREDENCE trial
was the first renal outcome trial to prospectively evaluate
SGLT2 inhibition in patients with type 2 diabetes and CKD.
Canagliflozin reduced the risk of the composite endpoint of end-
stage kidney disease (ESKD), doubling of serum creatinine, or
renal/cardiovascular death by 30% compared to placebo [14].

Following this, the DAPA-CKD trial extended the benefit to
patients with and without diabetes. Dapagliflozin reduced the
risk of the primary composite outcome (>50% eGFR decline,
ESKD, or renal/CV death) by 39%, with consistent benefit in
both diabetic and non-diabetic subgroups [15].

More recently, the EMPA-KIDNEY trial evaluated
empagliflozin in a broader CKD population (including non-
diabetics with lower eGFR and albuminuria) and demonstrated
a 28% relative risk reduction in the primary outcome [16].

Collectively, these trials confirmed that SGLT2 inhibitors



are nephroprotective regardless of diabetes status, prompting
guideline bodies to recommend their use in CKD management.

Pathophysiologic Basis for Renoprotection.

The renal benefits of SGLT?2 inhibitors are attributed to several
interrelated mechanisms:

1. Reduction of intraglomerular hypertension via restoration of
tubuloglomerular feedback through increased sodium delivery
to the macula densa [33,34,54].

2. Mitigation of glomerular hyperfiltration, which slows
nephron damage over time.

3. Attenuation of renal hypoxia and oxidative stress,
reducing inflammation and fibrosis in tubular and interstitial
compartments [55,56].

4. Reduction in albuminuria, reflecting improved glomerular
barrier function [15,16].

5. Slower decline in eGFR with a characteristic initial “dip”
followed by long-term preservation — a pattern now recognized
as beneficial [31,54].

Additionally, SGLT2i lower uric acid levels, reduce renal
tubular workload, and may preserve mitochondrial function,
enhancing cellular resilience [37,55].

Clinical Implications and Guidelines.

On the basis of robust clinical trial evidence, multiple
international societies have now endorsed the use of SGLT2
inhibitors in CKD:

« KDIGO 2022 guidelines recommend SGLT2i as first-line
therapy in patients with T2DM and CKD with eGFR >20 mL/
min/1.73m?, regardless of glycemic control [26].

* ADA Standards of Care and ESC guidelines also highlight
their use for slowing CKD progression and reducing CV risk in
patients with albuminuric CKD [24,25].

* Real-world data continue to confirm the safety and
effectiveness of SGLT2 inhibitors in routine nephrology
practice [57].

Their renal benefits are now considered independent of
HbA 1c reduction, positioning SGLT2 inhibitors as first-in-class
nephroprotective agents rather than merely antidiabetic drugs.

Expanding Indications and Unanswered Questions.

Ongoing trials are exploring the potential of SGLT2 inhibitors
in:

1. Glomerulonephritides (e.g., [gA nephropathy).

2. Polycystic kidney disease.

3. And even acute kidney injury prevention in surgical or
septic contexts [58].

While the initial eGFR drop remains a source of concern for
some clinicians, long-term follow-up has consistently shown
sustained benefit and low rates of adverse renal events, including
hyperkalemia and acute kidney injury [31,59].

Still, open questions remain regarding:

1. Optimal timing of initiation in early-stage CKD.

2. Use in combination with finerenone and other renin-
angiotensin system blockers.

3. And efficacy in non-proteinuric renal phenotypes.

The consistent, substantial, and durable renal benefits of
SGLT2 inhibitors mark one of the most important therapeutic
advancements in nephrology over the past two decades. Their
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ability to slow eGFR decline, reduce progression to ESKD, and
decrease cardiovascular risk has established SGLT2 inhibitors
as essential agents in the care of patients with chronic kidney
disease — irrespective of diabetes status.

Safety and Adverse Effects of SGLT2 Inhibitors.

While SGLT2 inhibitors are generally well tolerated and
possess an excellent benefit-risk profile, they are associated
with several class-specific adverse events. Awareness of these
effects is crucial for appropriate patient selection, counselling,
and monitoring.

Genitourinary Infections: The most frequently reported
adverse effects are genital mycotic infections, particularly
in women. The mechanism involves glucosuria-induced
alterations in the urogenital microbiome and pH, which favor
Candida overgrowth [60].

The incidence of vulvovaginal candidiasis ranges from 4-10%
in clinical trials, and may be higher in real-world settings
[60,61]. In uncircumcised men, balanitis is more common.
These infections are typically mild to moderate, respond to
topical or oral antifungals, and rarely require discontinuation.

Urinary tract infections (UTIs) may also occur but were not
significantly increased in most meta-analyses [62].

Euglycemic Diabetic Ketoacidosis (euDKA): A rare but
serious adverse event is euglycemic diabetic ketoacidosis,
particularly in:

1. Patients with insulin deficiency (e.g., TIDM or latent
autoimmune diabetes).

2. Prolonged fasting.

3. Surgery or severe illness [63].

Clinical features include nausea, abdominal pain, and high
anion gap acidosis with near-normal glucose levels. Diagnosis
can be delayed due to the absence of marked hyperglycemia.

1. Incidence is low (<0.1-0.2% in most studies) but higher in
off-label use for type 1 diabetes [64].

2. Patient education, temporary discontinuation during acute
illness ("sick-day rules"), and avoidance in at-risk populations
are critical for prevention.

Volume Depletion and Hypotension: Due to their mild
diuretic effect, SGLT2 inhibitors can cause:

1. Orthostatic hypotension,

2. Dizziness,

3. Volume depletion, especially in elderly or those on loop
diuretics [29,30,65].

Although generally well tolerated, volume-related adverse
events may require:

1. Dose reduction of concomitant antihypertensives,

2. Increased fluid intake in selected patients,

3. Monitoring blood pressure in frail individuals or those with
autonomic dysfunction.

Acute Kidney Injury (AKI): Initial concerns about AKI
have been largely mitigated by real-world evidence and pooled
analyses from major trials:

1. AKI is not more frequent with SGLT?2 inhibitors compared
to placebo [59,66].

2. In fact, some studies show reduced incidence of AKI, likely
due to improved renal hemodynamics and reduced hypoxic
stress [66].



The initial dip in eGFR, typically observed within 2-4 weeks,
reflects hemodynamic changes and is not indicative of renal
damage [54].

Lower Limb Amputation and Bone Fracture Risk: The
CANVAS Program raised concern about increased amputation
risk (primarily at the toe or midfoot) with canagliflozin [9],
leading to an FDA boxed warning (since removed in 2020).

1. No significant increase in amputations has been observed
with other agents (dapagliflozin, empagliflozin) or in subsequent
trials [67].

2. Risk appears to be agent-specific and patient-dependent,
particularly in those with active ulcers, peripheral arterial
disease, or previous amputation.

Similarly, increased fracture risk was initially noted with
canagliflozin but not replicated in other large trials.

Other Considerations:

» Fournier’s gangrene (necrotizing fasciitis of the perineum)
has been reported in rare cases, mostly in patients with multiple
risk factors. While causality is unclear, patients should be
advised to seek immediate medical attention for genital pain or
swelling [63].

* Lipid profile: slight increase in LDL-C has been observed
but without significant impact on cardiovascular outcomes [29].

* Pregnancy and breastfeeding: SGLT2 inhibitors are
contraindicated due to lack of safety data and potential risks
during renal development in the fetus [60].

Overall, SGLT2 inhibitors exhibit a favorable safety profile,
with mostadverse events being mild, preventable, or manageable.
When used appropriately and with adequate patient education,
the risk-benefit ratio of these agents is overwhelmingly positive,
particularly given their ability to reduce mortality and organ
failure across multiple systems.

Clinical Use and Recommendations: Who, When, and How?

Based on robust evidence from multiple large-scale trials,
SGLT2 inhibitors have earned a place in the standard of care for
patients across a spectrum of diseases, including type 2 diabetes
(T2DM), heart failure (HF), and chronic kidney disease (CKD).
International guidelines now emphasize early initiation of these
agents — often regardless of glycemic status.

Patient Populations That Benefit:

1. Patients with T2DM and Atherosclerotic Cardiovascular
Disease (ASCVD).

SGLT2 inhibitors are recommended in patients with
established ASCVD to reduce cardiovascular events and
mortality, independent of baseline HbAlc or metformin use
[24,25,68].

2. Patients with Heart Failure (HFrEF and HFpEF).

As supported by DAPA-HF, EMPEROR-Reduced, DELIVER,
and EMPEROR-Preserved, SGLT2 inhibitors improve
outcomes in:

* HFrEF: Class I indication, with or without diabetes [12,13].

* HFpEF: Class Ila (ESC, AHA/ACC/HFSA) [49,50].

3. Patients with CKD.

Indicated for patients with:

* ¢eGFR >20 mL/min/1.73 m?, especially if albuminuria >30

mg/g.
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* Diabetic and non-diabetic CKD [15,16,26,69].
Contraindications and Cautions.

Contraindications include:

1. Type 1 diabetes (except in research settings due to DKA
risk).

2. Pregnancy and lactation.

3. Active DKA or serious illness with reduced oral intake
[64,70].

Caution is advised in:

1. Frail elderly with orthostatic hypotension.

2. Those on loop diuretics.

3. Patients with recurrent genital infections.

Temporary interruption is recommended during:

1. Acute illness.

2. Surgery.

3. Volume depletion (to prevent AKI or ketoacidosis) [64,70].
Initiation and Monitoring Strategy:

Before Starting
Check eGFR (>20-25)

Ongoing Monitoring
eGFR every 3—6 months
Monitor volume status and blood
pressure
Watch for DKA symptoms
(especially if low-carb)

Doses are fixed per agent (e.g., empagliflozin 10 mg,
dapagliflozin 10 mg daily), with no titration needed. Most can be
used without dose reduction unless eGFR falls below threshold.

Screen for mycotic infections

Educate on “sick day” rules

Combining with Other Medications:

1. Metformin: fully compatible; often used together in initial
therapy [24].

2. ACEi/ARBs: synergistic for renal protection.

3. GLP-1 RAs: complementary; combination reduces both
ASCVD and progression of CKD [71].

4. Diuretics: monitor volume status — may need to reduce loop
dose.

5.  Mineralocorticoid receptor antagonists (MRAs):
combination with finerenone is being studied; early data
promising [72].

Algorithmic Implementation in Practice:
guidelines provide stepwise algorithms. In summary:

1. For T2DM + ASCVD / HF / CKD — Initiate SGLT2i as
early as possible.

2. For HF (regardless of diabetes) — Part of quadruple therapy
(with BB, ACEi/ARNI, MRA) [27].

3. For CKD — Initiate when eGFR >20 and albuminuria
present; continue until dialysis or transplant considered.

Real-world implementation remains suboptimal, with <50%
of eligible patients receiving therapy due to therapeutic inertia,
cost, or lack of awareness [73].

SGLT?2 inhibitors are no longer just glucose-lowering drugs
— they are disease-modifying agents that improve survival,
delay organ failure, and reduce hospitalizations. Their timely
integration into clinical practice, across disciplines, represents
a critical shift toward organ-protective pharmacotherapy in
modern medicine.

Multiple

Future Directions and Conclusions.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors have



revolutionized the treatment of cardiovascular and renal
diseases, particularly in patients with type 2 diabetes. However,
while their benefits are now well-established in heart failure,
chronic kidney disease, and diabetes management, several key
areas remain for future investigation. Ongoing studies will
likely expand the use of SGLT2 inhibitors to broader patient
populations and clarify their full range of therapeutic potentials.

Expanding Indications: Beyond Diabetes and Heart Failure.

SGLT2 inhibitors are currently prescribed primarily for patients
with type 2 diabetes, heart failure, and chronic kidney disease.
However, several other indications are under investigation:

* Type 1 Diabetes (T1DM): Although SGLT2 inhibitors are
contraindicated in T1DM due to the risk of euglycemic diabetic
ketoacidosis (DKA), there is growing interest in their potential
role in TIDM management, particularly as adjuncts to insulin
therapy for improving glycemic control and weight loss.

* Non-diabetic Kidney Disease: Early studies suggest that
SGLT2 inhibitors may benefit patients with non-diabetic
CKD, including those with IgA nephropathy, lupus nephritis,
and polycystic kidney disease. Ongoing trials like EMPA-
KIDNEY are assessing the benefits of SGLT2 inhibitors in
these populations [16].

* Acute Kidney Injury (AKI): Preclinical data suggest that
SGLT2 inhibitors may have a protective effect in the setting of
acute kidney injury, particularly in surgical or septic settings, by
reducing inflammation and preserving renal perfusion.

Understanding the Mechanisms of Action.

Although the hemodynamic effects of SGLT2 inhibitors
are well-documented, their full mechanistic profile remains
incompletely understood. Future research should aim to:

1. Further elucidate the cardiometabolic effects of SGLT2
inhibition, particularly regarding mitochondrial function,
inflammation, and endothelial dysfunction [39,40].

2. Investigate the role of ketone bodies in myocardial energy
metabolism, particularly in heart failure with reduced ejection
fraction (HFrEF) and preserved ejection fraction (HFpEF) [36].

3. Examine the long-term impact of SGLT2 inhibitors on
fibrosis and myocardial remodeling, as well as their potential in
treating heart diseases with extensive fibrosis such as restrictive
cardiomyopathies.

Personalized Therapy and Biomarkers.

Given the broad range of effects of SGLT2 inhibitors, further
studies are required to:

* Identify biomarkers that predict individual patient responses
to therapy. For example, genetic markers or biomarkers of
fibrosis, inflammation, or renal function could help identify
patients most likely to benefit from SGLT2 inhibitors.

* Explore personalized dosing regimens based on kidney
function, comorbidities, and genetic predisposition to side
effects such as genital infections and hypotension.

* Investigate the role of SGLT2 inhibitors in combination with
other novel therapies (e.g., GLP-1 receptor agonists, finerenone)
for more tailored treatment of heart failure and CKD [72,73].

Addressing Safety Concerns.
While the safety profile of SGLT2 inhibitors is favorable,
adverse effects such as euglycemic DKA, genital infections, and
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volume depletion still require vigilance. Future research should
focus on:

* Further investigating the long-term safety of SGLT2
inhibitors, especially in patients with multiple comorbidities or
those who are frail and elderly.

* Developing strategies for minimizing the risk of DKA,
including improving patient education, refining diagnostic
criteria, and exploring adjunctive treatments to prevent the
condition.

* Evaluating the risk-benefit ratio in more diverse populations,
including those with non-proteinuric CKD, severe renal
impairment, and diabetic ketoacidosis risk.

Exploring New Mechanisms and Drug Combinations.

As the wunderstanding of SGLT2 inhibitors deepens,
their application in combination therapy with other agents
(such as SGLTI1/2 inhibitors, GLP-1 receptor agonists, or
PCKS9 inhibitors) may offer synergistic benefits in treating
cardiovascular, renal, and metabolic diseases. Furthermore:

* The use of dual SGLT1/2 inhibitors (e.g., sotagliflozin) could
provide enhanced glucose-lowering effects, and early studies
suggest they may confer additional benefits for patients with
more severe forms of diabetes and heart failure.

* There is also growing interest in the role of SGLT2 inhibitors
in autophagy and mitochondrial dysfunction, especially in aging
populations and those with neurodegenerative diseases.

Conclusion: A Transformative Therapy with Expanding
Potential.

SGLT?2 inhibitors have already proven themselves as game-
changing therapeutics for diabetes, heart failure, and chronic
kidney disease. Their organ-protective effects — beyond glucose
control — have established them as a cornerstone of modern
medical treatment. As clinical evidence continues to grow, these
agents will likely play an increasingly important role in treating
a wider range of diseases and improving long-term patient
outcomes.

SGLT?2 inhibitors offer more than just glucose control — they
provide cardioprotective, nephroprotective, and metabolic
benefits, positioning them as multi-organ protective agents.

Future research will likely expand their use to other conditions,
such as acute kidney injury and non-diabetic CKD, and improve
personalized treatment approaches.

Safety concerns (e.g., DKA, genital infections) remain, but
careful patient management and education can mitigate most
risks.

Combination therapies (SGLT1/2 inhibitors, GLP-1 RAs) may
offer even greater benefits in treating complex cardiometabolic
diseases.
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