Majumder, Int J Cardiol Cardiovasc Dis.
2023;3(1):9-14.

International Journal of Cardiology and

Cardiovascular Diseases
Review Article

SGLT2 inhibitors: A review article

Biswajit Majumder'”

"R.G.KAR Medical College, Kolkata, West
Bengal, India

*Author for correspondence:
Email: majumderbiswajit1972@yahoo.
com

Received date: July 03,2023
Accepted date: July 26, 2023

Copyright: © 2023 Majumder B. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License, which
permits unrestricted use, distribution,
and reproduction in any medium,
provided the original author and
source are credited.

Citation: Majumder B. SGLT2
inhibitors: A review article. Int J Cardiol
Cardiovasc Dis. 2023;3(1):9-14.

Abstract

In the beginning, SGLT2 inhibitors were regarded as anti-diabetic agents. But after demonstration of
the cardiovascular benefit of SGLT2 inhibitors in EMPAREG-OUTCOME trial, a whole new era of heart
failure therapy opened up. It became an integral part of heart failure treatment protocol. Several studies
demonstrated its beneficial role in HFrEF until EMPEROR PRESERVED trail. It showed the benefit of SGLT2
inhibitors in HFpEF group of patients. It was consolidated by PRESERVED HF trial and recently concluded
DELIVER trial. SGLT2 inhibitors are a single group of medication that is effective in all types of heart failure
patients irrespective of their ejection fraction and diabetic status. Several mechanisms of action of SGLT2
inhibitors have been proposed that can explain its cardiovascular benefits. But still, studies to elucidate
molecular and genetic mechanisms are going on which may open newer avenues of heart failure
management in the future.
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Introduction

With the advent of new oral hypoglycemic drugs, SGLT?2 inhibitors have come to the limelight
for their dual role as a hypoglycemic agent along with cardiovascular benefits. The first SGLT2i
approved for use in humans were Canagliflozin (US FDA March 2013) and Dapagliflozin (EU
2012). The first evidence of the cardiovascular benefit of SGLTi was demonstrated in the EMPA-
REG OUTCOME trial in 2015. Recent clinical trials have shown that sodium glucose co-transport
2 (SGLT2) inhibitors have dramatic beneficial cardiovascular outcomes. These include a reduced
incidence of cardiovascular death and heart failure hospitalization in people with and without diabetes
and those with and without heart failure.

Mechanism of Action

A substantial number of theories have been proposed to explain the beneficial effects of SGLT2
inhibitors. These include beneficial effects of SGLT2 inhibition on the following:

* Blood pressure lowering: The antihypertensive effect associated with SGLT?2 inhibition was
previously thought to be secondary to diuresis and natriuresis, but it has been suggested to be
more likely secondary to improved endothelial function, reduced arterial stiffness and changes in
sympathetic nervous activity as evidenced by recent studies [1].

* Increasing diuresis/natriuresis: Although SGLT2-inhibitor therapy is associated with natriuresis
and diuresis, it is unclear if these benefits are sustained as there were no differences seen in
serum N-terminal pro B-type natriuretic peptide (NT-pro BNP) concentrations in patients with
chronic stable heart failure despite improvements in heart failure status [2]. Using mathematical
modeling, a recent study showed that both dapagliflozin and bumetanide were associated with a
reduction in sodium and interstitial fluid. However, dapagliflozin had little or no effect on plasma
volume whereas bumetanide was associated with reductions in intravascular volume, which can
pose challenges in the context of hypoperfusion [3,4].
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* Improving cardiac energy metabolism: under physiological
conditions, nearly 90% of cardiac energy is derived from
mitochondrial oxidative metabolism and fuel is derived from free
fatty acids, glucose, and to a lesser extent from lactate, ketones,
and amino acids [5]. In heart failure, there is dysregulated fatty
acid oxidation and impaired glucose uptake or oxidation causing
myocardial dysfunction. SGLT2-inhibitor therapy increases
hepatic synthesis and decreases the urinary excretion of ketones
producing a mild and persistent state of hyperketonaemia.
Cardiovascular benefits of SGLT2-inhibitor therapy may be
related to a shift in cardiac metabolism away from fatty acids and
glucose oxidation towards more oxygen-efficient ketone bodies,
thereby improving cardiac efficiency [6].

* Preventing inflammation and adverse cardiac remodeling:
Adverse cardiac remodeling is an important contributor to heart
failure severity. Studies suggest that even short-term exposure
to SGLT?2 inhibitors can promote cardiac reverse remodeling
[7]. Inhibition of the mammalian target of rapamycin pathway,
a major pathway involved in cardiac hypertrophy, by SGLT2
inhibition may also be involved [6]. SGLT2 inhibitors exert
their anti-fibrotic effect also by various anti-inflammatory
actions like — decreasing macrophage inflammatory response,
downregulating NLRP3 inflammasome pathway [8].

* Weight loss: Weight loss from SGLT2-inhibitor therapy occurs
due to an increased glucagon:insulin ratio causing increased
lipid mobilization and is thought to be one of the mechanisms
involved in reduction in heart failure mortality associated with

SGLT2-inhibitor therapy [4,9].
* Inhibiting the cardiac Na*/H* exchanger and SGLT1: SGLT2-

inhibitor therapy reduces cardiac cytosolic sodium content
by inhibiting sodium-hydrogen exchanger 1 and SGLT1
transporters in diabetic rat and mice myocytes, thereby reversing
calcium overload [10,11]. Intriguingly, this effect on sodium-
hydrogen exchanger 1 and SGLT1 is independent of diabetes
status [12].

* Increasing autophagy and lysosomal degradation: Experimental
induction of autophagy has favorable effects in heart failure as it
leads to efficient disposal of dysfunctional mitochondria, which
are a major source of reactive oxygen species, promoting oxidative
stress and inflammation [13]. The pathways of autophagy
induction involve activation of adenosine monophosphate-
activated protein kinase (AMPK), sirtuin-1 (SIRT1) and
hypoxia-inducible factors (HIF-lalfa and HIF-2alfa). Various
SGLT2-inhibitor therapies have upregulated the expression of
AMPK, SIRT1 and HIF-1 alfa [14,15].

* Decreasing epicardial fat mass and altered adipokine regulation:
Epicardial fat deposition due to altered adiponectin and leptin
regulation is one of the theories implicated in the development of
heart failure [16]. Increased serum leptin concentrations are seen
in patients with heart failure, and they are associated with cardiac
remodeling due to cardiac fibrosis and inflammation. SGLT2
inhibition reduces serum leptin and increases adiponectin
concentrations [17].

* Increasing hematocrit: SGLT2-inhibitor therapy is associated
with increases in renal erythropoietin production, red blood cell
mass and hematocrit [18].

* Increasing circulating vascular progenitor cells and improving
vascular endothelial function.

* Mechanism of reno-protection: SGLT?2 inhibitors inhibit the
coupled reabsorption of sodium and glucose from the proximal
tubules, thereby increasing renal glucose and sodium excretion,
but they have more widespread renal effects, including inhibition
of the sodium proton exchanger. SGLT2 increases activity of
NHE3(sodium hydrogen exchanger) as well as the sodium-
phosphate exchanger type Ila, the organic cation transporter, the
chloride-formate exchanger, the urate-anion exchanger, and the
cystic fibrosis transmembrane regulator of Cl- transport [19,20].
These widespread effects on the PT may explain why SGLT2is
reduce BP in CKD stage 3 or 4 despite little glycosuria. In CKD
there is hyperfiltration that contributes to renal barotrauma and
the loss of renal function. Diabetes mellitus increases intrarenal
Ang I that contributes to an increased efferent arteriolar resistance
and impairment of tubuloglomerular feedback. SGLT2i reduces
estimated GFR early during treatment of diabetes mellitus,
consistent with activation of TGF [21,22]. This is followed
by stabilization of estimated GFR in long duration. SGLT2
inhibitors prevent intrarenal angiotensinogen upregulation while
maintaining RAA axis [23]. SGLT2 inhibitors also exert their
reno-protective action by stabilizing podocyte morphology,
exerting anti-inflammatory, anti-fibrotic, anti-proliferative
action, and overall improving intrarenal hemodynamics [24].

Review of Literature

Diabetics with established ASCVD, who were administered
10 mg or 25 mg of empagliflozin over a median treatment
duration of 2.6 years in the EMPA-REG OUTCOME trial [25],
had significantly lower rates of MACE described as non-fatal MI,
stroke or CV death, hazard ratio (HR) 0.86; 95% CI (0.74-0.99)
compared to placebo [4]. The findings from this study represented
a new indication for clinical use of SGLT2 inhibitors in diabetics
with stable coronary artery disease, history of MI, peripheral artery
disease, or stroke. Other studies supporting the result of decreased
MACE incidence with SGLT?2 inhibitors included results from the
CANVAS Program [26], which showed that diabetic participants
with ASCVD or CV risk factors had significantly fewer MACE
incidences while on 100 mg or 300 mg of canagliflozin compared
to placebo, HR 0.86; 95% CI (0.75-0.97). MACE reduction was
the primary CV benefit and indication for use of SGLT?2 inhibitors
in diabetics with ASCVD during the time frame of the results from
these earlier trials. Interesting results from secondary analysis of
other outcomes demonstrated that there were other potential and
consistent CV benefits apart from MACE. Empagliflozin reduced the
key secondary outcome risk of CV death, HR 0.62; 95% CI (0.49-
0.77) or hospitalization for HE, HR 0.65; 95% CI (0.50-0.85) in the
EMPA-REG OUTCOME trial, which was a similar finding with
canagliflozin in the CANVAS Program. Canagliflozin decreased the
secondary outcome of CV mortality or hospitalization for HE HR
0.78; 95% CI (0.67-0.91) and reduced hospitalization for HF, HR
0.67; 95% CI (0.52-0.87). Although dapagliflozin in DECLARE-
TIMI 58 did not significantly reduce the risk of MACE in adults
with type 2 diabetes and elevated risk factors or with ASCVD, it was
shown to significantly attenuate CV mortality or HF hospitalization,
HR 0.83; 95% CI (0.73-0.95) which was a finding most attributable
to decreased HF hospitalization, HR 0.73; 95% CI (0.61-0.88)
[27]. The CREDENCE _trial was also shown to reveal a consistent
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key secondary outcome in participants with type 2 diabetes and
diabetic nephropathy of decreased HF hospitalization or CV death,
HR 0.69; 95% CI (0.57-0.83), decreased HF hospitalization, HR
0.61; 95% CI (0.47-0.80), and decreased MACE, HR 0.80; 95%
CI (0.67-0.95) [28].

Arnott et al. performed a meta-analysis of the four major trials,
EMPA-REG OUTCOME, CANVAS Program, CREDENCE, and
DECLARE-TIMI 58. Of the eflicacy outcome studied including
MACE, CV death, fatal and non-fatal MI, fatal and non-fatal
stroke, HF hospitalization, CV death or HF hospitalization, and
all-cause mortality, SGLT2 inhibitors had the greatest impact on
reducing hospitalization for HF with an overall 32% reduction
compared with placebo, HR 0.68; 95% CI (0.60-0.76) without
evidence of heterogeneity between these studies [29]. These earlier
trials demonstrating reduced HF hospitalization or CV death were
performed exclusively in type 2 diabetes participants, however,
subgroup analysis of diabetics with the previous diagnosis of HF
suggested that this finding might benefit patients more with a
history of HF most notably HFrEF. This approach was compromised
by the fact that the subgroup of participants with HF represented
a minority of the study size with diabetes and was not investigated
accurately enough because they were not the primary objective of
the design. For this reason, there was a need to define a specific study
population of patients with HF by including study selection criteria
such as ejection fraction and N-terminal-pro hormone B-type
natriuretic peptide levels.

Dapagliflozin and Prevention of Adverse Outcomes in Heart
Failure (DAPA-HF) was the first study involving the use of SGLT2
inhibitors in symptomatic patients with HFrEF to evaluate the effect
of dapagliflozin on the outcome of worsening HE, hospitalization for
HE or CV death [30]. All participants had established HFrEF with
a mean EF of about 30% and were previously on guideline-directed
HF medications consisting of angiotensin-converting enzyme
inhibitors (ACEls), angiotensin-receptor blockers (ARBs), or
sacubitril-valsartan with a beta-blocker (BB) and a mineralocorticoid
receptor antagonist (MRA) if tolerated. The results of the DAPA-
HF trial were followed subsequently by the EMPEROR-Reduced
trial, a similarly constructed clinical trial involving a relatively greater
severity of decreased left ventricular (LV) systolic function, mean EF
of less than 30% [31]. In both trials, SGLT?2 inhibitors reduced the
composite outcome of HF hospitalization or CV death, DAPA-HF:
HR, 0.74; 95% CI (0.65 to 0.85) and EMPEROR-Reduced: HR,
0.75; 95% CI (0.65 to 0.86) although the duration of follow-up was
relatively shorter in the EMPEROR-Reduced trial. Hypoglycemic
adverse events defined as plasma glucose level less than 70 mg/dl
or symptoms that required intervention were more common in
diabetic participants on empagliflozin (2.2%) than those without
diabetes (0.7%) in the EMPEROR-Reduced trial. This infers that
chronic HFrEF patients without diabetes are unlikely to develop
hypoglycemia compared to diabetics with HFrEF particularly
when the latter concomitantly administer insulin. The most
consistently reported adverse effects among study participants have
been hypotension, dehydration, genital yeast infection, and UTI.
On May 5, 2020, dapagliflozin was approved by the US FDA to
reduce the risk of HF hospitalization and CV deaths in adults with
chronic New York Heart Association (NYHA) class II-IV HFrEE
This approval was followed subsequently by a similar FDA-approved
indication for the use of empagliflozin.

In the EMPEROR-Preserved trial [32], empagliflozin, at a
dose of 10 mg daily, decreased the composite primary outcome
of HF hospitalization or CV death in HFpEE, HR 0.79; 95%
CI (0.69-0.90) which was mainly attributable to statistically
significant reductions of hospitalization for HE, HR 0.71; 95% CI
(0.60-0.83). This finding was consistent in both participants with
and without diabetes. Although their efficacy was diminished by
stratifying according to increasing ejection fraction subgroups. This
is an important study result in HFpEF because previously known
popular HF medications such as the BBs, ACEls, and ARBs, have
not been shown to improve outcomes in this subtype of HE Of
great importance is the extensive renal protective benefits that were
shown in the listed trials above. SGLT?2 inhibitors were shown to
decrease albuminuria and the progression of CKD in diabetics with
nephropathy, in addition to decreasing the renal composite outcome
of end-stage kidney disease (ESKD), doubling of serum creatinine,
and renal or CV death in the CREDENCE trial. SGLT2 inhibitors
also decreased the key secondary renal composite outcome in the
EMPEROR-Reduced trial. The progression of CKD defined by the
change in slope of mean eGFR was diminished by empagliflozin
in participants with CKD in both the EMPEROR-Reduced and
EMPEROR-Preserved trial.

In DAPA CKD trial [33] the goal of the trial was to assess the
safety and efficacy of dapagliflozin in reducing renal events among
patients with chronic kidney disease (CKD) with or without diabetes
mellitus (DM). The trial stopped early due to benefit. The primary
endpoint, decline in eGFR 250%, end-stage kidney disease, death
from renal causes, or cardiovascular (CV) death for dapagliflozin
vs. placebo, was 9.2% vs. 14.5% (hazard ratio [HR] 0.61, 95%
confidence interval [CI] 0.51-0.72; p = 0.000000028). The benefit
of dapagliflozin on the primary endpoint was consistent in patients
with and without type 2 DM [Decline in eGFR 250%: 5.2% vs.
9.3%, End-stage kidney disease: 5.1% vs. 7.5%, CV death: 3.0% vs.
3.7% (p >0.05)]. The results of this trial indicate that dapagliflozin
results in salutary effects on renal function among patients with
CKD, with or without DM, who are already on maximal tolerated
doses of angiotensin-converting enzyme inhibitor/angiotensin-
receptor blocker. There were also beneficial effects noted on non-CV
and all-cause mortality and all-cause hospitalizations. Results were
sustained among patients with or without known CV disease or HF
at baseline.

Other similar trials, such as DEFINE-HE EMPERIAL-
Preserved, and EMPERIAL-Reduced had smaller study enrolment
ranging from a sample size of 263 to 312 participants. The VERTIS
CV trial, [34] which was highly powered to investigate ertugliflozin
in 8,238 patients with type 2 diabetes and ASCVD yielded non-
inferior outcomes of MACE and CV death or HF hospitalizations.
However, positive outcomes of decreased HF hospitalizations or CV
death were shown in the SOLOIST-WHE trial [35]. The primary
endpoint of total CV death, HF hospitalization, or urgent visit for
HF for Sotagliflozin vs. placebo, was 70 vs. 98 events/100 patient-
years (hazard ratio 0.67, 95% confidence interval 0.52-0.85, p
= 0.0009 concluding that Sotagliflozin significantly reduced the
rates of CV deaths and hospitalizations and urgent visits for HF in
diabetics with worsening HE, compared to placebo) and the recently
concluded PRESERVED-HF trial where primary endpoint was
Composite CV death or HF hospitalization [36]: HR 0.79; 95% CI
(0.69-0.90). It also showed reduction in total HF hospitalizations:
HR 0.71; 95% CI (0.60-0.83), mean slope change in eGFR, change
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in KCCQ symptom score, and any cause death. This finding was
consistent in both participants with and without diabetes. The
recently concluded DELIVER trial was a global, randomized,
double-blind, parallel-group, event-driven trial with 6,263 patients
[37]. Over a median of 2.3 years, the primary outcome occurred in
512 of 3,131 patients (16.4%) in the dapagliflozin group and in
610 of 3,132 patients (19.5%) in the placebo group (hazard ratio,
0.82; 95% confidence interval [CI], 0.73 to 0.92; P<0.001). Total
events and symptom burden were lower in the dapagliflozin group
than in the placebo group. Results were similar among patients
with a left ventricular ejection fraction of 60% or more and those
with a left ventricular ejection fraction of less than 60%, and results
were similar in prespecified subgroups, including patients with
and without diabetes. It concluded that Dapagliflozin reduced the
combined risk of worsening heart failure or cardiovascular death
among patients with heart failure and a mildly reduced or preserved
ejection fraction.

Among 12,251 participants from DELIVER and EMPEROR-
Preserved, SGLT?2 inhibitors reduced composite cardiovascular
death or first hospitalisation for heart failure (hazard ratio 0-80 [95%
CI 0-73-0-87]) with consistent reductions in both components:
cardiovascular death (0-88 [0-77-1-00]) and first hospitalisation for
heart failure (0-74 [0-67-0-83]).

SGLT2 Inhibitors and Iron Metabolism in Heart Failure

Many patients with heart failure have an iron-deficient state,
which can limit erythropoiesis in erythroid precursors and ATP
production in cardiomyocytes. Inflammation and oxidative stress
associated with heart failure promote the synthesis of ferritin and
activates hepcidin. They suppress ferritinophagy, impair duodenal
absorption of iron and the release of iron from macrophages and
hepatocytes thus impairing the release of intracellular iron stores and
leading to the depletion of bioreactive cytosolic Fe**. By alleviating
inflammation and oxidative stress, SGLT2 inhibitors down-regulate
hepcidin, upregulate transferrin receptor protein 1 and reduce
ferritin; the net result is to increase the levels of cytosolic Fe2+
available to mitochondria, thus enabling the synthesis of heme (in
erythroid precursors) and ATP (in cardiomyocytes). Though SGLT2
inhibitors further aggravate biomarkers of iron deficiency, their net
effect is favorable on iron homeostasis and helps retard progression

of heart failure [38].

Current Status of SGLT2i in Cardiology - 2022 ACC/
AHA

In patients with symptomatic chronic HFrEF, SGLT2i are
recommended to reduce hospitalization for HF and cardiovascular
mortality, irrespective of the presence of type 2 diabetes (COR 1,
LOE A). In patients with HFmrEE SGLT2i can be beneficial in
decreasing HF hospitalizations and cardiovascular mortality (COR
2a, LOE B-R). In patients with HFpEF, SGLT2i can be beneficial in
decreasing HF hospitalizations and cardiovascular mortality (COR

2a, LOE B-R) [39].
Side-effects

Genital infections (UTT and fungal infections) seem to be the
most common adverse effect [40]. The FDA issued a warning that
SGLT2i can increase risk of diabetic ketoacidosis (euDKA) especially
in perioperative period. Canagliflozin, in some trials, decreased bone
mineral density and increased risk of lower limb amputation [41].

Conclusion

SGLT2 inhibitors are very promising and effective drugs in the
management of heart failure. Its role in HFrEF is well established
and in HFmrEE, HFpEF is being established (also in guidelines).
SGLT?2 inhibitors reduced the risk of cardiovascular death and
hospitalizations for heart failure in a broad range of patients with
heart failure, supporting their role as a foundational therapy for heart
failure, irrespective of ejection fraction or care setting. Its mechanism
of action in heart failure and renal protection is still to be elaborated
fully. Its pathway of action in heart failure may open up avenues and
newer molecular targets for therapeutic intervention.
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