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Abstract

In recent years, numerous large-scale clinical trials have demonstrated that sodium-glucose cotrans-
porter (SGLT) 2 inhibitors provide cardiovascular and renal protection regardless of diabetes status. Although
SGLT1 is recognized as another primary isoform of SGLT, its precise role remains elusive. SGLT2 is highly
expressed in the kidneys where it modulates glucose reabsorption, whereas SGLT1 is mainly expressed in the
intestinal epithelium where it regulates dietary glucose uptake. Unlike SGLT2, which is minimally present in
the heart, SGLT1 is abundantly expressed in the myocardium. SGLT1 may play a unique and supplementary
role in glucose homeostasis. Thus, the targeting SGLT1 for inhibition could offer therapeutic benefits. During
the early stages of cardiac injury, SGLT1 expression is considerably increased, ensuring an adequate energy
supply to cardiac cells. However, preclinical research has indicated that prolonged SGLT1 overexpression
may negatively affect the heart by triggering pathological mechanisms, such as cardiac inflammation, oxida-
tive stress, fibrosis, apoptosis, and mitochondrial dysfunction. Thus, inhibiting SGLT1 could offer additional
benefits beyond its effects on glucose absorption. Numerous clinical studies have demonstrated that SGLT1
inhibitors substantially benefit cardiovascular health by reducing the risks of cardiovascular mortality and hos-
pitalization for heart failure (HF), regardless of the presence of diabetes or HF. Although the precise mecha-
nisms underlying these beneficial effects are not fully understood, genetic models suggest that the malfunction
of SGLT1 transporters adversely affects various tissues. This review explores both the positive and negative
effects of SGLT1 inhibition on the heart. In addition, this review discusses potential mechanisms through which
SGLT1 inhibition may confer cardiovascular protection on the basis of a thorough analysis of the fundamental
research on SGLT1.
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1. Introduction

Sodium-glucose  cotransporters  (SGLTSs)
enable the cellular uptake of glucose by using a
sodium concentration gradient created by the Na'/
K*-ATPase pump. Under normal physiological con-
ditions, SGLT2 facilitates the reabsorption of 90%
of glucose that is filtered by the kidneys. SGLTI
is crucial for the absorption of glucose in the small
intestine and for the reabsorption of the remaining
10% of the glucose load filtered by the kidneys!.
In recent years, multiple clinical trials involving
patients with type 2 diabetes mellitus (T2DM)?-8,

non-T2DM-related heart failure (HF)-!, and

chronic kidney disease (CKD)'?!3 have demon-
strated the cardioprotective effects of SGLT2 inhib-
itors (Table 1). Thus, SGLT2 inhibitors have become
a key therapeutic tool for HF and are now formally
recommended as the first-line treatment for HF with
reduced ejection fraction in the European Society of
Cardiology (ESC) HF 2021 guidelines. In addition,
the 2023 American Diabetes Association guide-
lines for diabetes care assign a Level of Evidence
A for the use of SGLT2 inhibitors in patients with
T2DM and established HF, regardless of the ejection
fraction status. In 2019, the ESC and the European
Association for the Study of Diabetes also recom-
mended SGLT2 inhibitors as the first-line therapy

Table 1. Cardiovascular Protective Effects of SGLT2 Inhibitors in Cardiovascular, HF, and CKD Outcome Trials

Median
.. ) Intervention . L. . . follow-up Primary outcomes
Cl 1 trial Trial t M: 1 t
inical tria (enrollment) rialtype aln nclusion criteria duration [HR (95% CI); P value)
(W)

CV outcome trials

EMPA-REG | Empagliflozin | Double-blind,
OUTCOME? [ (N =7020)

T2DM (%): 100

RCT ute/1.73 m2
BMI < 45 kg/m?

placebo-controlled | ASCVD; eGFR > 30 mL/min-

HbAlc: 7.0% to 9.0% without GLD
or 7.0% to 10.0% with stable GLD

33 Composite MACEs: 0.86 (0.74 to 0.99); p = 0.04
Cardiovascular death: 0.62 (0.49 to 0.77); p < 0.001
HHF: 0.65 (0.50 to 0.85); p = 0.002

All-cause mortality: 0.68 (0.57 to 0.82); p < 0.001
Nonfatal MI: 0.87 (0.70 to 1.09)

Nonfatal stoke: 1.24 (0.92 to 1.67)

CANVAS? Canagliflozin | Double-blind, T2DM (%): 100

RCT factors for CVD

(N=10142) placebo-controlled | ASCVD or age > 50 y with >2 risk

3.6 Composite MACEs: 0.86 (0.75 to 0.97); p = 0.02
Cardiovascular death: 0.87 (0.72 to 1.06)

HHF: 0.67 (0.52 to 0.87)

All-cause mortality: 0.87 (0.74 to 1.01)

Nonfatal MI: 0.85 (0.69 to 1.05)

Nonfatal stoke: 0.90 (0.71 to 1.15)

DECLARE- Dapagliflozin | Double-blind, T2DM (%): 100

RCT ASCVD

TIMI-58* (N=17160) | placebo-controlled | ASCVD or multiple risk factors for

eGFR > 60 mL/minute/1.73 m?

42 Composite MACEs: 0.83 (0.73 to 0.95); p = 0.005
Cardiovascular death: 0.98 (0.82 to 1.17)

HHEF: 0.73 (0.61 to 0.88)

All-cause mortality: 0.93 (0.82 to 1.04)

Nonfatal MI: 0.89 (0.77 to 1.01)

Nonfatal stroke: 1.01 (0.84 to 1.21)

VERTIS-CV® | Ertugliflozin | Double-blind, T2DM (%): 100
(N = 8246) placebo-controlled | CVD
RCT Age>40y

eGFR > 30 mL/minute/1.73 m?

3.5 Composite MACEs: 0.97 (0.85 to 1.11); p = 0.001
for noninferiority

Cardiovascular death: 0.92 (0.77 to 1.11)

HHF: 0.70 (0.54 to 0.90)

All-cause mortality: 0.93 (0.80 to 1.08)

Nonfatal MI: 1.04 (0.86 to 1.27)

Nonfatal stoke: 1.00 (0.76 to 1.32)

HF outcome trials

DAPA-HF® Dapagliflozin | Double-blind, T2DM (%): 45

(N =4744) placebo-controlled | EF <40%

RCT NYHA class II, III, or IV
NT-proBNP level > 600 pg/mL
e¢GFR > 30 mL/minute/1.73 m?

1.8 Composite of cardiovascular death or HF exacer-
bation: 0.74 (0.65 to 0.85); p <0.001
Cardiovascular death: 0.82 (0.69 to 0.98)

HHF: 0.70 (0.59 to 0.83)

All-cause mortality: 0.83 (0.71 to 0.97)
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RCT

minute/1.73 m?
UACR > 200 mg/g
Use of ACE inhibitor or ARB

EMPEROR- Empagliflozin | Double-blind, T2DM (%): 49.1 2.2 Composite of cardiovascular death or HF
Preserved!! (N =5988) placebo-controlled | EF > 40% exacerbation: 0.79 (0.69 to 0.90); p < 0.001
RCT NYHA class 11, IIL, or IV Cardiovascular death: 0.91 (0.76 to 1.09)
HHF: 0.71 (0.60 to 0.83)
All-cause mortality: 1.00 (0.87 to 1.15)
EMPEROR- Empagliflozin | Double-blind, T2DM (%): 49.8 13 Composite of cardiovascular death or HF
Reduced!? (N =3730) placebo-controlled | EF <40% exacerbation: 0.75 (0.65 to 0.86); p < 0.001
RCT NYHA class 11, IIL, or IV Cardiovascular death: 0.92 (0.75 to 1.12)
HHF: 0.69 (0.59 to 0.81)
All-cause mortality: 0.91 (0.77 to 1.10)
SOLOIST- Sotagliflozin | Double-blind, T2DM (%): 100 0.75 Composite of cardiovascular death, HHF, or urgent
WHF# (N=1222, placebo-controlled | Age >18 y visits for HF: 0.67 (0.52 to 0.85); p <0.001)
20% with RCT Recent HHF Cardiovascular death: 0.84 (0.58 to 1.22)
LVEF >50%) HHF (total number, including urgent visits for
HF): 0.64 (0.49 to 0.83)
All-cause mortality: 0.82 (0.59 to 1.14)
SCORED’ Sotagliflozin | Double-blind, T2DM (%): 100 1.3 Composite of cardiovascular death, HHF, or
(N=10584) | placebo-controlled | eGFR: 25 to 60 mL/minute/1.73 m? urgent visits for HF: 0.74 (0.63 to 0.88); p < 0.001
RCT CVD risks Cardiovascular death: 0.90 (0.73 to 1.12)
HHF (total number, including urgent visits for
HF): 0.67 (0.55 to 0.82)
All-cause mortality: 0.99 (0.83 to 1.18)
CKD outcome trials
CREDENCE?® | Canagliflozin | Double-blind, T2DM (%): 100 2.6 Composite of ESRD (dialysis, transplantation, or
(N =4401) placebo-controlled | Age >30y sustained eGFR at <15 mL/minute/1.73 m?), sCr
RCT eGFR >30 to <90 mL/minute/1.73 doubling, or renal or cardiovascular death: 0.70
m? (0.59 t0 0.82); p =0.00001
UACR > 300 to 5000 mg/g Composite of cardiovascular death or HHF: 0.69
HbAlc: 6.5% to 12.0% (0.57 t00.83); p < 0.001
Requirement for a stable dose of an Cardiovascular death: 0.78 (0.61 to 1.00); p = 0.05
ACE inhibitor or ARB All-cause mortality: 0.83 (0.68 to 1.02)
DAPA-CKD'? | Dapagliflozin | Double-blind, T2DM (%): 67.5 2.4 Composite of a sustained decrease in eGFR to
(N =4304) placebo-controlled | eGFR: 25 to 75 mL/minute/1.73 m? >50% (confirmed after >28 days), ESRD (dialy-
RCT UACR: 200 to 5000 mg/g sis for >28 days, transplantation, or eGFR < 15
Required stable dose of ACE mL/minute/1.73 m? confirmed after >28 days), or
inhibitor or ARB renal or cardiovascular death: 0.61 (0.51 to 0.72);
p<0.001
Composite of cardiovascular death or HHF: 0.71
(0.55 t0 0.92); p = .009
Cardiovascular death: 0.81 (0.58 to 1.12); p = NA
All-cause mortality: 0.69 (0.53 to 0.88); p = 0.004
EMPA- Empagliflozin | Double-blind, T2DM (%): 44 2.0 Composite of kidney disease (ESRD; a sustained
KIDNEY!3 (N =6609) placebo-controlled | eGFR >20 to <45 or >45 to <90 mL/ decrease in eGFR to <10 mL/minute/1.73 m?,

a sustained decrease in eGFR to >40% from
baseline, or renal death) progression or death
from cardiovascular causes: 0.72 (0.64 to 0.82);
p<0.001

Composite of cardiovascular death or HHF: 0.84
(0.67 to 1.07); p=0.15

Cardiovascular death: 0.84 (0.60 to 1.19)

ESRD or death from cardiovascular causes: 0.73
(0.59 t0 0.89)

All-cause mortality: 0.87 (0.70 to 1.08); p = 0.21

Note. Adapted from “Sodium-Glucose Cotransporter-2 Inhibitors and Euglycemic Ketosis: Friends or Foes” by KB Tseng, 2024, J Intern Med
Taiwan, 35(5), p. 318-320
Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ASCVD, atherosclerotic cardiovascular disease; BMI,
body mass index; CVD, cardiovascular disease; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; EF, ejection fraction;
ESRD, end-stage renal disease; GLD, glucose-lowering drug; HF, heart failure; HHF, hospitalization for heart failure; HbA Ic, glycated hemoglobin;
MACE, major adverse cardiovascular event; MI, myocardial infarction; NA, not applicable; NT-proBNP, N-terminal pro B-type natriuretic peptide;
NYHA, New York Heart Association; RCT, randomized controlled trial; SGLT2, sodium-glucose cotransporter-2; T2DM, type 2 diabetes mellitus;
UACR, urinary albumin-to-creatinine ratio.
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for patients with T2DM at a high risk of atheroscle-
rotic cardiovascular disease!4. Thus, SGLT2 inhibi-
tors are considered a valuable treatment option for
reducing the risk of major adverse cardiovascular
events, irrespective of the patient’s diabetes status.

Recent findings from 2 clinical trials published
in the New England Journal of Medicine, namely
the SCORED trial involving patients with diabe-
tes and CKD and the SOLOIST-WHF trial involv-
ing patients with diabetes and recently worsened
HF, have reported the benefits of sotagliflozin, a
dual SGLT1/SGLT2 inhibitor. Sotagliflozin was
associated with a decreased risk of the composite
endpoint of cardiovascular deaths and hospitaliza-
tions for HF in patients with T2DM combined with
either CKD or recent worsening HF7-3. These results
suggest that SGLT1 inhibition plays a distinct and
complementary role to SGLT2 inhibition in glucose
homeostasis, potentially offering additional cardio-
protective benefits.

Many preclinical studies have demonstrated
the crucial role of SGLT1 in the progression of heart
disease. Inhibiting SGLTI in the heart, which was
previously believed to only suppress SGLT1 expres-
sion in cardiomyocytes, may enhance cardiac func-
tion and reduce the risk of arrhythmias. Reducing
the activity of SGLT1 has been shown to improve
both systolic and diastolic functions of the left ven-
tricle in cases of diabetic cardiomyopathy, PRKAG2
cardiomyopathy, fluctuating diabetes, and chronic
HF and in nondiabetic mice!®. Furthermore, the
suppression of SGLT1 expression is associated with
decreased cardiac hypertrophy and fibrosis!®!”. In
addition, variations in the SGLT! gene that lead to a
reduction in its activity are associated with a marked
decrease in the incidence of HF, cardiovascular mor-
tality, and diabetes'®. However, some studies have
indicated that mutations leading to defective SGLT1
transporters are associated with osmotic diarrhea,
proximal tubular dysfunction, and nephrocalcino-

sis!?.

During the acute phase of ischemia-reperfusion
injury, SGLT1 plays a compensatory protective role
in the ischemic heart tissue by increasing glucose
absorption2%-2!, However, specifically knocking out
SGLT1 in cardiomyocytes or completely eliminat-
ing it does not affect the myocardium’s baseline
glucose uptake'>. Thus, the clinical outcomes of
SGLTTI inhibition remain difficult to predict.

This review provides a comprehensive over-
view of existing evidence on the beneficial and det-
rimental effects of SGLT1 inhibition on the heart. In
addition, this review explores potential mechanisms
through which SGLTI inhibition offers cardiovas-
cular protection on the basis of a thorough analysis
of the fundamental research on SGLT1.

2. The expression and biologic roles
of SGLT1 receptors

The SGLTI1 protein, encoded by the SLC54
gene on chromosome 22ql13.1, is composed of
664 amino acids and contains 14 transmembrane
a-helical domains. This protein possesses a single
glycosylation site situated between transmembrane
helices 5 and 6 as well as two phosphorylation sites
located between helices 6 and 7 and between helices
8 and 9, respectively?2. SGLT1 functions as a high-
affinity (K,  of approximately 0.4 mM for glucose
and 3.0 mM for sodium), low-capacity glucose
transporter with a 2:1 stoichiometry for sodium and
glucose!. This means that for each glucose molecule
transported, two sodium ions are moved through
SGLT1, enabling the cotransporter to facilitate
glucose uptake into cells against its concentration
gradient?3. The expression of the SGLTI protein is
localized mainly to the apical brush border of the
small intestine and the renal late proximal tubules as
well as in the salivary glands, liver, lungs, skeletal
muscle, heart, and pancreatic a-cells?2.

SGLTI transport activity is regulated through
various molecular mechanisms, including interac-

tions with protein kinases. The SGLT1 protein con-
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tains specific regulatory sites targeted by protein
kinase A (PKA) and protein kinase C (PKC). PKA
activation leads to an increase in the number of
SGLT1 proteins present in the membrane of the
small intestine'. In addition, PK A activators, such as
8-bromo-cyclic adenosine monophosphate, increase
both the capacity and activity of SGLT in the plasma
membrane!. PKA activity positively regulates both
the expression and function of SGLT1, and these
effects can be inhibited by the PK A inhibitor H-8922.
By contrast, the effects of PKC on SGLT1 are more
complex and exhibit species-specific differences??.
PKC activation reduces SGLT1 transport capacity
in rats and rabbits, whereas it increases transport
capacity in humans?2. These species differences
contribute to the ongoing controversy regarding
PKC-mediated regulation of SGLT1.

SGLT]1 facilitates the transport of glucose and
galactose across the brush-border membrane of the
small intestine?*. The expression of SGLTI is criti-
cal for efficient glucose absorption and is regulated
by both short-term and long-term mechanisms that
respond to the availability of luminal nutrients?. In
patients with T2DM, increased mRNA and protein
levels of SGLTT1 in the intestinal brush border cor-
relate with elevated intestinal glucose uptake®S.
The increased activity of SGLT1-mediated glucose
absorption in the small intestine contributes to rapid
postprandial hyperglycemia in diabetes?’.

In the kidney, SGLTI is expressed in the S3
segment of the proximal tubul.?® In euglycemia,
SGLT2 accounts for >90% of glucose reabsorp-
tion, whereas SGLT1 reabsorbs the remaining
approximately 3% of filtered glucose.?® However,
in sustained hyperglycemia, the resorptive capac-
ity of SGLT2 can become overwhelmed, increasing
glucose delivery to the distal proximal tubule and
enhancing SGLT1-mediated glucose reabsorption.3?
Understanding the compensatory role of SGLT1 in
renal glucose handling is essential, particularly in

diabetes.

In addition to the intestines and kidneys,
SGLTT1 is expressed in the cell membranes of car-
diomyocytes3!. The role of SGLTI in facilitating
glucose transport into cardiomyocytes is essential.
However, the long-term overexpression of SGLT! in
the heart of mice led to pathological cardiac hyper-
trophy and left ventricular failure. By contrast, the
knockdown of cardiac SGLT! could mitigate these
adverse effects’2. In addition, increased SGLTI
mRNA expression was observed in the hearts of
patients with T2DM and diabetic cardiomyopathy.33
Additional studies should be conducted to evaluate
the benefits and harms of SGLT! inhibition on car-
diovascular disease (CVD).

3. Beneficial effects of SGLT1 inhibi-
tion on the heart in the cellular and
animal experiments

Several studies have demonstrated that myo-
cardial hypertrophy and ischemia are associated
with the upregulation of SGLT1, whereas SGLT2 is
not expressed3334, Experimental models of myocar-
dial injury have indicated that SGLT1 inhibition may
confer cardioprotection3?-3, In a study using human
cardiac fibroblasts, SGLT1 inhibition prevented the
development of diabetic cardiomyopathy, poten-
tially through the downregulation of serum glucose
levels or a direct effect on the cardiac tissue3. In
addition, chronic pressure overload increased
SGLTI gene expression, subsequently leading to
the development of hypertrophic cardiomyopathy in
mice'®. This finding suggests that SGLT1 inhibition
can attenuate cardiomyopathy. Moreover, the over-
expression of SGLT! led to cardiac remodeling and
increased interstitial fibrosis in mice, suggesting
that the cardiac knockdown of SGLTI may promote
both the development and progression of hyper-
trophic cardiomyopathy32. However, the precise
mechanism through which SGLT1 induces cardiac
hypertrophy and fibrosis remains unclear. In mice

with ischemia-reperfusion injury, SGLT1 knock-
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down protected against ischemic hearts?’. Similarly,
SGLT1 inhibition led to improvements in myocar-
dial infarction (MI)-induced LV remodeling and
HF in mice, suggesting that SGLT1 inhibitors could
serve as a novel therapeutic approach in managing

ischemia-induced cardiomyopathy38.

4. Adverse effects of SGLT1 inhibi-
tion on the heart in the cellular and
animal experiments

The expression of SGLTI1 in the human heart
facilitates glucose uptake?!, which may play a crucial
role in myocardial fuel energetics during periods of
nutritional stress. In diabetic or ischemic cardiomy-
opathy, SGLT1 activation can increase, possibly as
an adaptive response to cardiac damage33. Further-
more, in the human myocardium, SGLT1 activation
induced by insulin stimulation exerts positive ino-
tropic effects, suggesting that SGLT1 has substan-
tial functional effects when activated by stimulatory
factors3®40, Compared with glucose transport-
ers (GLUTs), which may become inefficient in
the presence of low extracellular glucose levels,
SGLTs function as active transporters that operate
against the glucose concentration gradient. SGLTs
couple glucose transport to the downhill Na* elec-
trochemical gradient through the Na*/K* ATPase,
making them essential for cardiomyocyte survival
in environments with low glucose levels, such as
that observed in ischemia!-*'#2, SGLT1 can protect
against ischemia-reperfusion injury by enhancing
the availability of glucose, thereby replenishing ade-
nosine triphosphate (ATP) stores in ischemic cardiac
tissues2!. SGLT1 expression in the heart is upregu-
lated 2- to 3-fold during myocardial ischemia, which
appears to be an adaptive response to injury given
its association with functional recovery in failing
hearts after LV assist device insertion33. Thus,
SGLTT1 activation in the heart plays a crucial role in
critical pathological conditions instead of baseline

conditions. However, some studies have reported

that chronic excessive activation of cardiac SGLTI
is associated with unfavorable effects32:43. Thus, the
timing of SGLTT1 activation is critical because it can
have either protective or detrimental cardiac effects.
Additional studies are needed to define the precise
time course of SGLT1 activation and its effect on
cardiac health.

Phlorizin, a selective SGLT1 inhibitor, exerts
some nonspecific effects on mitochondrial energet-
ics*+4, Phlorizin can induce mitochondrial swell-
ing** and inhibit mitochondrial ATPase activity®,
leading to a decrease in mitochondrial ATP levels.
This decrease in ATP levels may explain the reduc-
tion observed in the ATP content of hearts perfused
with phlorizin, especially under normoxia where
ATP synthesis is largely dependent on mitochondrial
oxidative phosphorylation?!. During the reperfusion
period, a substantial reduction in ATP content was
observed along with decreases in glucose uptake
and lactate output, indicating a reduction in the gly-
colytic flux in this particular model of Langendorff
heart perfusion. The lower glycolytic activity sug-
gests impaired glucose delivery in phlorizin-per-
fused hearts during ischemia-reperfusion injury?!.
In rat models of acute MI, treatment with dual
SGLT1/SGLT?2 inhibitors exacerbated cardiac dys-
function*¢. Because SGLT2 receptors are not yet
identified in the heart, this effect may be due to acute
SGLT1 inhibition in the post-MI setting. Moreover,
in the mouse models of ischemia-reperfusion injury,
SGLT1 inhibition led to poor outcomes, including
increased infarct size and cardiac dysfunction?!.

Overall, following acute myocardial ischemia,
energy metabolism shifts toward carbohydrate
instead of fatty acid consumption, which appears
crucial for maintaining adequate ATP supply for
cardiac contraction. SGLTI1 receptors facilitate
glucose uptake, providing the sole source of ATP
through anaerobic glycolysis during myocardial
ischemia. In this acute setting, SGLT1 inhibition

may be detrimental. However, prolonged reliance
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on glucose as the primary energy source for cardiac
metabolism has been associated with cardiac dys-
function. Thus, the effect of SGLT1 inhibitors could

be particularly crucial in this context®.

5. Potentially detrimental effects of
SGLT1 inhibition in clinical applica-
tions

Mutations in the SGLTI gene in the intestinal
brush border result in glucose—galactose malab-
sorption, a rare disorder inherited in an autosomal
recessive manner. These mutations result in an
increased ratio of N-acetyl glucosaminidase to cre-
atinine and retinol-binding protein to creatinine,
leading to proximal tubule dysfunction*®. In addi-
tion, renal tubular dysfunction, specifically distal
tubular acidosis, is associated with the development
of persistent metabolic acidosis, hypercalcemia, and
nephrocalcinosis in patients with mutations in the
SGLTI gene. However, most of these abnormali-
ties can be effectively managed by adhering to a
glucose- and galactose-free diet*®.

Given that SGLTT facilitates glucose absorption
at the brush border of the small intestine, the inhi-
bition of intestinal SGLT1 may be associated with
osmotic diarrhea. Administration of sotagliflozin
to patients with type 1 diabetes mellitus (T1DM)
resulted in a higher incidence of diarrhea (4.1%
in the sotagliflozin group vs 2.3% in the placebo
group). However, these cases were generally mild to
moderate and transient in nature*®. Furthermore, in
the Canagliflozin Cardiovascular Assessment Study
(CANVAS) program, the canagliflozin group had a
significantly higher incidence of osmotic diuresis
than did the placebo group (34.5% vs 13.3%; p <
0.001) 3. Similarly, adverse events related to volume
depletion were more prevalent in the canagliflozin
group than in the placebo group (26.0% vs 18.5%;
p = 0.009) 3. By contrast, the empagliflozin, cardio-
vascular outcomes, and mortality in type 2 diabe-
tes (EMPA-REG OUTCOME) trial, which assessed

empagliflozin, a selective SGLT2 inhibitor, did not
observe an increased risk of volume depletion at
doses of 10 and 25 mg per day 2. In the CANVAS
program, a higher incidence of diabetic ketoacido-
sis (DK A) was observed among patients adminis-
tered canagliflozin compared with those receiving
a placebo (0.6 vs 0.3 per 1000 patient-years, respec-
tively; hazard ratio, 2.33; 95% CI, 0.76-7.17) 3. A
similar trend was observed following the adminis-
tration of sotagliflozin in patients with TIDM who
exhibited an increased susceptibility to DKA (risk
of DK A was 3% in the sotagliflozin vs 0.6% in the
placebo group) #°.

6. Clinical evidence of cardiovascu-
lar protection by SGLT1 inhibition

SGLTI inhibition increases glucose delivery
to the distal intestine, potentially altering the micro-
biome and enhancing the production of short-chain
fatty acids. This increase could further promote glu-
cagon-like peptide-1 (GLP-1) secretion and reduce
glucose-dependent insulinotropic polypeptide (GIP)
secretion®?. The mechanisms through which SGLT1
inhibition mitigates the effects of MI and stroke may
involve changes in GLP-1 levels. Elevated GLP-1
levels can reduce thrombus formation and increase
atherosclerotic plaque stability3%-3!. In the SCORED
trial, an increase in GLP-1 may partly explain the
reduction in MI and stroke. However, this increase
in GLP-1 induced by SGLTI inhibition is lower
than that induced by GLP-1 receptor agonists. Thus,
SGLT1 inhibition may provide additional benefi-
cial effects that are independent of an increase in
GLP-1°!. Mendelian randomization studies investi-
gating the effects of missense variations in SGLT1
on metabolic disorders have indicated a correlation
between SGLTI inhibition and a decreased inci-
dence of HF. This correlation may be attributed to
the effect of SGLTI inhibitors on the secretion of
GLP-1 and GIP, both of which help regulate appetite

and promote weight loss. Such effects are particu-
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larly relevant for preventing HF, especially consid-
ering the increased risk of HF in individuals with
T2DM and abdominal obesity compared with those
with only one of these conditions'®.

The results of the SCORED? and SOLOIST-
WHFS trials indicate that combining SGLT1 inhibi-
tion with SGLT2 inhibition in patients with T2DM
may affect cardiac and cardiorenal outcomes,
potentially offering benefits comparable to those
observed with SGLT2 inhibitors alone3. In addi-
tion, this combined approach reduced the incidence
of both nonfatal and total fatal MI by 32% (hazard
ratio, 0.68 [95% confidence interval, 0.52-0.89]; p =
0.004)’. The specific mechanisms underlying this
reduction in fatal and nonfatal MI observed in the
SCORED trial remain to be determined, but they
may be largely related to the effects of SGLT1 inhi-
bition on GLP-1 levels and changes in the intesti-
nal microbiome33. However, additional prospective
and comparative studies are necessary to investigate
the benefits of additional SGLT1 inhibition on top of
SGLT2 inhibition in patients without T2DM.

Taken together, the current evidence suggests
that SGLT1 inhibition effectively provides cardio-
vascular protection. Thus, SGLT1 inhibitors can be
used for the treatment of CVD. However, further
evaluation in clinical trials is still necessary. More
SGLT1 inhibitors or dual SGLT1/SGLT2 inhibitors
will be developed in the near future and their cardio-

vascular benefits will be investigated.

7. Potential mechanisms through
which SGLT1 inhibition confers car-
diovascular protection

The benefits of SGLT2 inhibitors extend
beyond glycemic control, as demonstrated in recent
large-scale clinical trials examining cardiovascu-
lar and renal outcomes?'3. Similarly, an increasing
number of studies have indicated that SGLTI inhi-
bition offers cardiovascular protection. This section

discusses the cardiovascular benefits of SGLT1

inhibitors and explores their potential molecular

mechanisms (Figure 1).

7.1 Attenuating oxidative stress in cardiomy-
ocytes

Exposure to high glucose levels stimulates the
production of nicotinamide adenine dinucleotide
phosphate oxidases (Nox) through Ras-related C3
botulinum toxin substrate 1 (Racl) activation and
p47phox translocation to the plasma membrane,
leading to reactive oxygen species (ROS) produc-
tion and eventually cell death®. In addition, glucose
fluctuations can exacerbate cardiac SGLT1 expres-
sion and lead to increased oxidative stress, inflam-
mation, fibrosis, and mitochondrial damage in
cardiomyocytes, ultimately resulting in cardiac dia-
stolic dysfunction and hypertrophy>*%. Excessive
oxidative stress and persistent ROS production play
crucial roles in the pathogenesis of heart diseases,
such as cardiomyopathy and atrial fibrillation,
through the facilitation of inflammation and fibro-
sis*%>7, Furthermore, SGLT1 plays a critical role in
myocardial injury induced by glucose fluctuations
through oxidative stress and mitochondrial dysfunc-
tion>>. Moreover, myocardial SGLT1 expression is
positively associated with the production of super-
oxide (O:,") and the expression of genes related to
fibrosis, inflammation, and cell wall stretching>8.

In animal studies on diabetes, fluctuating
blood glucose levels were associated with increased
cardiac SGLT1 expression, oxidative stress, and
mitochondrial dysfunction®. In addition, knock-
down of SGLT1 could stabilize mitochondrial func-
tion and reduce oxidative stress caused by these
glucose fluctuations>>,

Nox is a primary source of ROS in cardiomy-
ocytes®®, and adenosine monophosphate-activated
protein kinase (AMPK) can inhibit ROS produc-
tion by blocking Nox2 activation®. In addition,
the activation of AMPK inhibits the activation of

Racl and the membrane translocation of p47phox
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- Attenuating oxidative stress in cardiomyocytes
¢ Balance mitochondrial function and reduce oxidative stress resulting from glucose fluctuations
¢ Activate AMPK/NOS signals, increase nitric oxide production, and reduce inflammation and
apoptosis pathways
O/ * Reduce glucolipotoxicity-induced oxidative stress
* Inhibit apoptosis and ROS production in cardiac myoblasts
* Suppress myocardial Nox activity and improve NOS coupling through SGLT1/AMPK/Rac1 signaling
Alleviating myocardial ischemia-reperfusion injury
e Improve LV contractile dysfunction, inhibit cardiomyocyte hypertrophy, and attenuate MI-induced
myocardial fibrosis
e Reduce cardiac infarct size and necrosis
* e Attenuate cardiac remodeling and reduce the risk of ventricular arrhythmia by modulating the
Toll-like receptor-4/calcium-calmodulin-stimulated protein kinase II signaling pathway
Suppressing myocardial fibrosis
¢ Reduce high glucose-induced activation of cardiac fibroblasts and attenuate cardiac fibrosis
» Downregulate the expression of connective tissue growth factor and collagen I profibrotic genes
e Alleviate glycemic variability-induced cardiac fibrosis by inhibiting cardiac fibroblasts and
/(\ macrophages
Improving cardiac hypertrophy
e Attenuate adverse cardiac remodeling and mitigate cardiac hypertrophy stimulated by an adrenergic
al receptor agonist
 Reduce glycogen storage cardiomyopathy to improve pathological hypertrophy and impaired cardiac
SGLTI1 function
e pepess o Decrease intracellular Ca?* concentration through the NF-kB-IL-18 signal transduction pathway,
inhibition . .
thereby attenuating cardiac hypertrophy
Preventing cardiomyocyte apoptosis
¢ Suppress ROS generation, leading to decreased apoptosis
 Balance the shift of mitochondrial fusion and fission, alleviating cardiac mitochondrial dysfunction and
attenuating cardiomyocyte apoptosis
O/ » Enhance the bioavailability of tetrahydrobiopterin through an SGLT1/AMPK/Rac1-dependent mechanism,
improve NOS coupling, and suppress Nox activity, contributing to antiapoptotic effects
Alleviating ventricular arrhythmia
e Increase Cx43 levels and reduce free radical content through AMPK-dependent and SGLT1-independent
mechanisms, thereby attenuating ventricular arrhythmia
o Activate the AMPK signaling pathway and increase the Cx43 level, attenuating arrhythmic vulnerability
after MI
¢ Enhance left atrial remodeling in HFpEF associated with metabolic syndrome and increase spontaneous
calcium release events, mitochondrial calcium buffer capacity, diastolic calcium accumulation, and
sodium-calcium exchanger activity, ultimately alleviating arrhythmia in left atrial cardiomyocytes
Improving LV systolic and diastolic dysfunction
e Enhance cardiac performance by positively affecting LV ejection fraction, LV systolic function, LV
[ end-diastolic dimension, LV end-systolic dimension, and the E/A ratio
¢ Reduce the O-GlcNAcylation of specificity protein 1, thereby increasing the cardiac relaxation rate
x and thus improving diastolic function
Regulating cardiac glucose uptake
 Reduce cardiac glycogen content and improve cardiac function
e Prevent the exacerbation of damage to cardiomyocytes induced by elevated glucose levels
—  Does not alter the myocardium’s baseline glucose uptake

Figure 1. Potential mechanisms of SGLT1 inhibition in cardiovascular protection.
Abbreviations: AMPK, denosine 5'-monophosphate-activated protein kinase; Cx43, connexin43; HFpEF, heart
failure with preserved ejection fraction; IL-18, interleukin-18; LV, left ventricular; MI, myocardial infarction; NF-«B,
nuclear factor kappa B; NOS, nitric oxide synthase; Nox, nicotinamide adenine dinucleotide phosphate oxi-
dases; O-GIcNAc, O-Linked p-N-Acetylglucosamine; ROS, reactive oxygen species; SGLT1, sodium glucose
cotransporter 1.
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and Racl, thereby suppressing Nox activity and O:5
generation. This action also reduces inflammation
and increases the bioavailability of tetrahydrobi-
opterin, a crucial factor necessary for the coupling
of nitric oxide synthase (NOS)'S. Canagliflozin, a
dual SGLT1/2 inhibitor, can activate AMPK/NOS
signals, increase nitric oxide production, and reduce
inflammation and apoptosis pathways®%. Inhibi-
tion of SGLT1 by dapagliflozin and canagliflozin
reduced glucolipotoxicity-induced oxidative stress
in cardiomyocytes®?. By blocking SGLTI, dapa-
gliflozin and canagliflozin suppressed apoptosis
in cardiac myoblasts and attenuated ROS produc-
tion>*. Furthermore, canagliflozin inhibited myo-
cardial Nox activity and improved NOS coupling
through the SGLT1/AMPK/Racl signaling pathway,
resulting in global anti-inflammatory effects on the
human myocardium?®. However, empagliflozin,
which specifically inhibits SGLT2, does not affect
NOS coupling or Nox activity®®. Thus, inhibiting
SGLTI may be an effective therapeutic strategy to

attenuate and prevent cardiomyocyte injury.

7.2 Alleviating myocardial ischemia-reperfu-
sion injury

Ischemia-reperfusion injury is considered
a critical factor in the pathology of CVD, leading
to substantial damage to cardiomyocytes and sub-
sequently increasing the risk of HF. The overex-
pression of cardiac SGLT1 in mice led to pathologic
hypertrophy and interstitial fibrosis’>. Moreover,
SGLTI protein level was found to be considerably
high in patients with hypertrophic, ischemic, and
diabetic cardiomyopathy3334. The use of KGA-2727,
a selective SGLT1 inhibitor, improved LV contrac-
tile dysfunction, inhibited cardiomyocyte hypertro-
phy, and attenuated myocardial fibrosis induced by
MI. Moreover, the cardioprotective effects of KGA-
2727 were observed without changes in blood sugar
levels in mice, suggesting that its benefits are inde-
pendent of SGLTT1 inhibition in the kidney and small

intestine’®. During myocardial ischemia, AMPK
regulates SGLT1 expression through the extracellu-
lar signal-related kinase pathway. SGLT1 interacts
with the epidermal growth factor receptor, which,
in turn, increases the activity of protein kinase C
and Nox, leading to enhanced oxidative stress and
resultant ischemic injury’’. However, recent experi-
mental evidence indicates that the cardiomyocyte-
specific knockdown of SGLT1 reduces infarct size,
necrosis, and oxidative stress3”. In addition, sota-
gliflozin was observed to attenuate cardiac remod-
eling and significantly reduce vulnerability to
ventricular arrhythmia in mice post MI through
the modulation of the Toll-like receptor-4/calcium-
calmodulin-stimulated protein kinase II signal-
ing pathway®*. These findings suggest that SGLT1
inhibition could be a novel therapeutic strategy
to alleviate cardiac ischemia-reperfusion injury.
However, the findings of the aforementioned studies
are inconsistent. In mice with ischemia-reperfusion
injury, the use of phlorizin to inhibit SGLT1 led to
impaired cardiac functional recovery and increased
myocardial injury?!. These adverse effects might be
attributed to high doses of phlorizin exerting a sub-
stantial effect on cardiac glucose transport, inde-
pendent of SGLTI inhibition. Considerable caution
is warranted when using this inhibitor to investigate
the role of SGLT1 in the heart®.

7.3 Suppressing cardiac fibrosis

Cardiac fibroblasts play a key pathophysiologi-
cal role in cardiac remodeling and are crucial cellu-
lar effectors in the development of cardiac fibrosis®.
These cells transition from an inactive to an active
type, leading to increased proliferation, migration,
and excessive extracellular matrix (ECM) pro-
duction, ultimately contributing to cardiac fibro-
sis®. The ECM is normally regulated by a balance
between matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases; however, an

imbalance can trigger cardiac fibrosis®¢-67.6%. High
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glucose levels activate cardiac fibroblasts, enhanc-
ing their growth and migration; increasing the
expression of various proteins and enzymes, such
as SGLT1, MMP-2, transforming growth factor-f1,
and collagens; and activating the p38 MAPK and
extracellular-signal-regulated kinase 1 and 2 path-
ways!73%, The overexpression of SGLT1 amplifies
the effects of high glucose levels, contributing to
interstitial fibrosis and cardiac remodeling!7-32, By
contrast, SGLT1 knockdown reduces the high glu-
cose-induced activation of cardiac fibroblasts and
attenuates cardiac fibrosis!”. Specifically, silencing
SGLT1 reduces cardiac fibrosis by downregulating
connective tissue growth factor and collagen I pro-
fibrotic genes in pressure overload-induced mouse
cardiomyopathy'®. In addition, SGLT1 inhibition
can mitigate glycemic variability-induced cardiac
fibrosis by inhibiting the activation of both cardiac

fibroblasts and macrophages®.

7.4 Improving cardiac hypertrophy

Cardiac hypertrophy is an adaptive response
to various heart diseases, such as chronic hyperten-
sion. However, sustained hypertrophy can lead to
cardiac fibrosis and HF, substantially increasing the
risk of cardiac morbidity and mortality’®. Chronic
pressure overload induced cardiac hypertrophy in
mice through increased expression of SGLT1 and
interleukin-18 genes'®. SGLT1 knockout attenuated
adverse cardiac remodeling induced by transverse
aortic constriction and mitigated cardiac hypertro-
phy stimulated by an adrenergic a1 receptor agonist
in neonatal mouse hearts'. SGLT1 overexpression
can cause pathologic cardiac hypertrophy and LV
failure, but these deleterious effects can be reversed
if the overexpression is suppressed, as demon-
strated in a murine model of PRKAG2 cardiomy-
opathy32. Epidermal growth factor (EGF), which is
implicated in cell proliferation and differentiation,
is associated with cardiac hypertrophy. EGF can

upregulate glucose absorption through increased

SGLT1 expression’!. SGLT1 overexpression in the
hypertrophic myocardium increases the phosphor-
ylation of the intracellular secondary messengers
AMPK, ERK-1/2 and mammalian target of rapamy-
cin3*, Moreover, chronic overexpression of SGLTI
contributes to glycogen storage cardiomyopathy,
leading to pathological hypertrophy and impaired
cardiac function. The genetic and pharmacological
inhibition of SGLT1 could prevent this harmful car-
diomyopathy phenotype3>72. Nuclear factor kappa
B (NF-xB) plays a crucial role in the development
of hypertrophic myocardium, and chronic pres-
sure overload induced by transverse aortic constric-
tion activates NF-xB, which, in turn, contributes
to the overexpression of SGLT1. Overexpression of
SGLT1 may increase intracellular Ca?* concentra-
tion through the NF-kB-IL-18 signaling pathway,
thereby inducing cardiac hypertrophy!. Collec-
tively, these findings indicate that under cellular
stress, SGLT1 exerts prohypertrophic and detri-
mental effects on cardiomyocytes. Thus, targeting
SGLT1 in cardiomyocytes may represent a novel
pharmacological strategy for treating patients with
cardiac diseases, such as hypertrophic cardiomyop-

athy.

7.5 Preventing cardiac apoptosis
Cardiomyocyte apoptosis is a critical process
in diabetic cardiomyopathy.”> Cardiomyocyte apop-
tosis increased by 85-fold in patients with diabe-
tes than in those without diabetes. This finding
indicates a high sensitivity of cardiomyocytes to
diabetes-induced apoptosis’™. Thus, targeting apop-
totic signaling pathways may be a viable strategy to
hinder the progression of diabetic cardiomyopathy.
Studies have reported a considerable upregulation
of SGLT1 in patients with diabetic cardiomyopa-
thy. SGLT1 inhibition attenuated apoptosis and sup-
pressed the development of diabetic cardiomyopathy
through the JNK and p38 MAPK pathways”. Fur-
thermore, the downregulation of SGLT1 markedly
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reduced the protein and mRNA expression of apop-
tosis-related markers, such as caspase-3 and Bax,
while increasing the levels of the antiapoptotic gene
bcl2 in diabetic cardiomyopathy rats’. In addition,
the inhibition of SGLT1 by dapagliflozin and cana-
gliflozin reduced ROS generation and apoptosis in
cultured cardiomyocytes®?. Knockdown of SGLTI
balanced the processes of mitochondrial fusion
and fission in the hearts of diabetic mice, thereby
alleviating cardiac mitochondrial dysfunction and
attenuating cardiomyocyte apoptosis®. The high
affinity of canagliflozin for SGLT1 enhanced the
bioavailability of tetrahydrobiopterin through an
SGLT1/AMPK/Racl-dependent mechanism. This
mechanism, in turn, improved NOS coupling and
suppressed Nox activity, leading to antiapoptotic
effects in the human myocardium®. These find-
ings indicate a crucial SGLT1-mediated mechanism
that underlies the cardioprotective effects of cana-

gliflozin.

7.6 Alleviating ventricular arrhythmia
Connexin43 (Cx43) plays a crucial role in the
heart’s electrical conduction system, and its func-
tion is sensitive to the redox status within cells.
Decreased ventricular Cx43 levels are associated
with ventricular arrhythmias’®. Therapeutic strate-
gies that increase Cx43 levels, such as gene trans-
fer, could reduce susceptibility to arrhythmias post
MI77. Activation of the AMPK signaling pathway
by dapagliflozin not only reduces ROS levels but
also affects myocardial SGLT1 activity’s. More-
over, treatment of the heart with dapagliflozin sub-
stantially increased the Cx43 level and reduced
free radical content through AMPK-dependent and
SGLTI-independent mechanisms, thereby attenu-
ating ventricular arrhythmia in normoglycemic
infarcted rats’®. Silencing AMPK may exacerbate
cardiac gap junction remodeling after MI through
a Cx43 pathway”®. Inhibiting SGLT1 to activate the
AMPK signaling pathway and increase the Cx43

level reduced arrhythmic vulnerability after MI'S.
Bode and colleagues demonstrated that sotagliflozin
enhances left atrial remodeling in HF with pre-
served ejection fraction associated with metabolic
syndrome. In addition, sotagliflozin could enhance
spontaneous calcium release events, mitochondrial
calcium buffering capacity, diastolic calcium accu-
mulation, and sodium-calcium exchanger activity.
Furthermore, sotagliflozin exerted antiarrhythmic

effects on left atrial cardiomyocytes®.

7.7 Improving LV systolic and diastolic dys-
function

LV dysfunction is characterized by impaired
systolic and diastolic measures, leading to HF with
either reduced or preserved ejection fraction®!. Pre-
vious preclinical studies have demonstrated a cor-
relation between SGLT1 expression and LV systolic
and diastolic functions in various conditions, includ-
ing dilated cardiomyopathy, diabetes, PRKAG2
cardiomyopathy, and congestive HF, and in nondia-
betic mice'’. In patients with end-stage HF, SGLT1
expression was positively correlated with LV end-
diastolic diameter and negatively correlated with LV
systolic function®?. Several studies have indicated
that the deficiency, suppression, or genetic knock-
out of SGLT1 can mitigate cardiac hypertrophy
induced by transverse aortic constriction or aorto-
caval fistula surgery, thereby maintaining optimal
LV function in the presence of pressure overload-
induced congestive HF'3. In addition, mizagliflozin,
an inhibitor of sodium-glucose SGLTI, enhanced
cardiac performance by positively affecting various
parameters, such as LV ejection fraction, LV sys-
tolic function, LV end-diastolic dimension, LV end-
systolic dimension, and the E/A ratio in diabetic
rats, in a concentration-dependent manner”.

O-Linked S-N-Acetylglucosamine (O-GIcNAc)
is a crucial posttranslational modification that plays
a vital role in regulating cellular processes, particu-

larly cardiac and vascular functions®?. O-GlcNAcyla-
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tion involves the attachment of N-acetylglucosamine
to serine or threonine residues on proteins located in
the cytosol, nucleus, and mitochondria. O-GlcNAc-
ylation plays a key role in modulating cellular sig-
naling and is associated with various physiological
and pathological processes®’. Precise adjustments
to the enzymes regulating cardiac O-GlcNAcyla-
tion can substantially influence the structure and
function of the diabetic heart®4. Moreover, elevated
levels of protein O-GIcNAcylation in the heart were
linked with various pathological conditions, includ-
ing diabetes, ischemia, and hypertrophic HF®. By
contrast, a decrease in the O-GlcNAcylation of spec-
ificity protein 1 was associated with an increase in
the cardiac relaxation rate, leading to improved dia-
stolic function®>. A study demonstrated that inhib-
iting the O-GIcNAcylation of specificity protein 1
reduced SGLT1 expression in renal proximal tubule
cells®. Another study indicated that the systemic
knockdown of O-GlcNAcylation downregulated the
expression of SGLT1 in the intestine and kidneys.
This finding demonstrated that O-GIlcNAcyla-
tion regulates SGLT1 gene expression®’. Given
the limited research, further investigation into the
potential relationship between O-GlcNAcylation of
specificity protein 1, SGLT1 expression, and SGLT1
inhibitors in the context of cardiac systolic and dia-

stolic dysfunction is warranted.

7.8 Regulating cardiac glucose uptake

The heart depends on a continuous supply of
various metabolic substrates for its functioning.
Although fatty acids are the main substrates used
by the heart, there is a marked shift toward glucose
metabolism under certain conditions, such as in
response to insulin, during ischemia, or in hyper-
trophic hearts. In mice, cardiac SGLT1 enhances
ATP reserves in the ischemic heart tissue during
the initial phase of ischemia-reperfusion injury by
increasing glucose utilization. This mechanism

considerably enhances cardiac energy metabolism,

even in the presence of insulin resistance?’-2!. In an
experimental mouse model of diet-induced obesity,
phlorizin impeded insulin-stimulated glucose
uptake in cardiomyocytes in a dosage-dependent
manner during the initial phase of ischemia-reper-
fusion injury. This disruption led to a marked reduc-
tion in ATP levels within the heart tissue, ultimately
impairing heart function recovery and exacerbat-
ing myocardial damage?°. However, cardiac SGLT1
does not contribute to overall glucose uptake,
likely due to the presence of the SLC5A1 transcript
variant. The inhibitory effect of phlorizin on cardiac
glucose uptake is independent of SGLT1 and can be
explained by the inhibition of GLUTs?!.

The knockdown of SGLTI reduced cardiac gly-
cogen content and improved cardiac function in a
model of PRKAG2 cardiomyopathy32. However,
neither a general knockout of SGLT1 nor a specific
knockout in cardiomyocytes altered the myocardi-
um’s baseline glucose uptake'>. During the reperfu-
sion period, elevated glucose levels exacerbated MI
in the nondiabetic heart; however, this exacerbation
was mitigated in the diabetic rat heart through the
downregulation of SGLTI expression®®. By inhib-
iting SGLTI in the nondiabetic heart, the damage
induced by elevated glucose levels can be prevented.
This finding indicates the potential of SGLTI as a
therapeutic target for improving outcomes in acute
MI associated with hyperglycemia®s.

Given the limitations of current research, future
studies should investigate the relationship between
SGLT1 inhibition and cardiac glucose uptake in the

context of cardiac energy metabolism.

8. Conclusion

Large clinical trials have demonstrated that
SGLT2 inhibitors not only reduce overall risk
factors for heart and kidney diseases, including
the progression of albuminuria, but also lower the
risks of hospitalization for HF and CKD progres-

sion across all stages of the cardiorenal continuum,
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regardless of diabetes status. In contrast to SGLT2,
SGLTI is substantially expressed in the human
heart and may directly affect cardiac function.
SGLT1 inhibition has been demonstrated to have
considerable potential as a means of treating CVD,
irrespective of diabetes status. Blocking SGLT1 can
protect the cardiovascular system by reducing oxi-
dative stress, inflammation, ventricular arrhythmia,
myocardial hypertrophy, fibrosis, and apoptosis.
Moreover, inhibiting SGLT1 can alleviate ischemia-
reperfusion injury, enhance cardiac performance,
and reduce HF risk. Thus, regulating the activity of
SGLT1 is a promising strategy to mitigate adverse
cardiac effects, but further clinical trials are needed
to validate these benefits. Inhibiting SGLT1 may
be detrimental in acute conditions, such as myocar-
dial ischemia, where glucose absorption is crucial
for energy production. Moreover, SGLT1 expression
substantially increases during myocardial ischemia,
indicating an adaptive response that aids functional
recovery in failing hearts. Thus, SGLT1 inhibition
presents a dual challenge, potentially benefiting
or harming heart function and integrity depend-
ing on the context. Further research is essential to
investigate the protective and detrimental effects of
SGLTTI inhibition on the heart. Currently, data on
dual SGLT1/SGLT?2 inhibitors are limited, and more
safety and efficacy data from clinical trials are nec-
essary to confirm their effectiveness in preventing
cardiovascular complications associated with dia-
betes and to develop specific inhibitors targeting
SGLTI.
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