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Abstract: SGLT1 and SGLT2 are the two main members of the sodium-glucose cotransporters (SGLTs), which are mainly 
responsible for glucose reabsorption in the body. In recent years, many large clinical trials have shown that SGLT2 inhibitors have 
cardiovascular protection for diabetic and non-diabetic patients independent of lowering blood glucose. However, SGLT2 was barely 
detected in the hearts of humans and animals, while SGLT1 was highly expressed in myocardium. As SGLT2 inhibitors also have 
a moderate inhibitory effect on SGLT1, the cardiovascular protection of SGLT2 inhibitors may be due to SGLT1 inhibition. SGLT1 
expression is associated with pathological processes such as cardiac oxidative stress, inflammation, fibrosis, and cell apoptosis, as well 
as mitochondrial dysfunction. The purpose of this review is to summarize the protective effects of SGLT1 inhibition on hearts in 
various cell types, including cardiomyocytes, endothelial cells, and fibroblasts in preclinical studies, and to highlight the underlying 
molecular mechanisms of protection against cardiovascular diseases. Selective SGLT1 inhibitors could be considered a class of drugs 
for cardiac-specific therapy in the future. 
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Introduction
The global incidence of cardiovascular diseases (CVD) has nearly doubled in the past three decades, and the prevalence of 
CVD is still increasing in the young population aged 18–50 years old, which is the leading cause of death and disability for 
people worldwide.1,2 Diabetes mellitus (DM) is an important risk factor for CVD, and the risk of CVD in patients with type 2 
diabetes mellitus (T2DM) is more than twice as high as that in those without DM.3,4 In recent years, with advances in 
prevention and treatment for DM, the trend towards CVD in people with T2DM has been decreasing. However, it remains the 
primary reason for death in patients with DM. The management and treatment for CVD is still a difficult and long-term 
process. Therefore, the search for novel targets of treatment for CVD will be more valuable in the future.

Sodium-glucose cotransporters (SGLTs) transport glucose into cells via a sodium concentration gradient established by Na+/ 
K+-ATPase pump. Facilitative glucose transporters (GLUTs) utilize the diffusion gradient of glucose across plasma membranes 
to participate in glucose reabsorption.5,6 Two important transport proteins involved in glucose reabsorption, SGLT1 and SGLT2, 
are found to belong to the SGLT family (SLC5A), and both are expressed in kidney.7 It was found that inhibition of renal glucose 
reabsorption allowed glucose to be excreted in the urine, lowering blood glucose, such as SGLT2 inhibitors on the market. Recent 
findings have highlighted that SGLT1 can also act as a potential pharmacological target in DM. SGLT1 inhibition improves 
glucose homeostasis by reducing glucose absorption in the intestine and increasing the release of glucagon-like peptide-1 (GLP- 
1), which contributes to glucose-dependent insulin release from the pancreas.8,9 Therefore, dual SGLT1/SGLT2 inhibitors or 
a combination of SGLT1 and SGLT2 inhibitors are also good options for the treatment of DM, and the combination of SGLT1 
inhibitors and dipeptidyl peptidase-4 (DPP-4) inhibitors might also be an effective way in increasing GLP-1 activity.10 

Furthermore, numerous large clinical trials have shown that SGLT inhibitors may have cardiovascular benefits independent of 
glycemic control. The SCORED and SOLOIST-WHF trials showed that sotagliflozin, a dual SGLT1/SGLT2 inhibitor, was 
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associated with a lower risk of the composite of cardiovascular deaths and hospitalizations for heart failure (HF) in patients with 
T2DM combined with chronic kidney disease (CKD) or recent worsening HF.11–13 In addition, a growing number of clinical 
trials such as EMPA-REG OUTCOME, CANVAS Program, CREDENCE, and DECLARE-TIMI have shown that SGLT2 
inhibitors not only provide protective effects on kidneys but also have cardiovascular benefits.14–17 Moreover, DAPA-HF, 
EMPEROR-Reduced, and EMPEROR-Preserved all suggest whether the ejection fraction is reduced and SGLT2 inhibitors exert 
cardioprotective effects on HF patients with or without T2DM.18–20 According to VERTIS CV clinical trial, ertugliflozin was 
non-inferior to placebo in terms of major cardiovascular adverse events in patients with T2DM and atherosclerotic cardiovascular 
disease (ASCVD).21 A recent meta-analysis included 13 randomized clinical trials showed that SGLT2 inhibitors significantly 
reduced the risk of hospitalization for HF in patients with and without DM.22 Although SGLT2 was not detected in 
cardiomyocytes at either gene or protein level, the commonly used SGLT2 inhibitors such as empagliflozin, dapagliflozin, and 
canagliflozin show different selectivity of SGLT2 over SGLT1.23–25 Kondo et al26 paid attention to canagliflozin and found that it 
has anti-inflammatory and anti-apoptotic effects on the human myocardium, these effects are related to significant affinity of 
canagliflozin with SGLT1, which enhance the bioavailability of tetrahydrobiopterin (BH4) through SGLT1/AMPK/Rac1- 
dependent mechanism and improve the coupling of nitric oxide synthase (NOS) in primary human cardiomyocytes and 
myocardial tissues. These all suggest that the cardiac benefits of SGLT2 inhibitors may not be achieved through inhibition of 
SGLT2, but most likely through inhibition of SGLT1.23,27

In this review we summarize the effects of SGLT1 inhibition on myocardium and potential mechanisms in preclinical 
studies to provide a target for treatment of CVD (Figure 1).

Figure 1 SGLT1 is involved in the pathological process of myocardial injury. Under some conditions, such as high glucose, ischemia/reperfusion injury, and pressure and 
volume overload, the expression of SGLT1 are increased in vascular endothelial cells, cardiomyocytes, and cardiac fibroblasts, which participate in the pathological processes 
of myocardial damage such as mitochondrial dysfunction, oxidative stress, and fibrosis, ultimately leading to cardiac remodeling, systolic and diastolic dysfunction, and the 
occurrence of heart failure.
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Function of SGLTs and Drugs for SGLT Inhibition
Under physiological conditions, almost all of the glucose filtered by the glomerulus (~180 g/day) is reabsorbed in the proximal 
tubule.28,29 In the kidney, low affinity/high capacity SGLT2 is located mainly in the apical membrane of the renal proximal 
tubules (S1 and S2 segments) and is responsible for most of the glucose reabsorption (80%–90%) in the kidney, while high 
affinity/low capacity SGLT1 is located in the straight renal proximal tubules (S3 segment) where it reabsorbs the remaining 
glucose (10%–20%) from upstream.8,30–32 SGLT inhibition can lower blood sugar in a non-insulin-dependent manner. 
However, SGLT1 is also expressed in the small intestine, heart, and brain.33 SGLT1 located in the brush-border membrane 
of the small intestine has a higher expression compared to the kidney,34 which is essential for the rapid absorption of glucose 
and galactose in the intestine.35 In the brain, information on the expression and function of SGLT2 is still uncertain, but SGLT1 
is mainly expressed in pyramidal cells of brain cortex and hippocampus, Purkinje cells of cerebellum, endothelial cells of 
intracerebral capillaries, and the blood–brain barrier (BBB), protecting neurons from degeneration in the presence of reduced 
energy supply or increased glucose consumption.36–38 The expression of SGLT1, which is primarily localized in the 
sarcolemma, is approximately 10-fold higher in the human hearts than that in the kidneys.34 The physiological function of 
SGLT1 in the heart remains unclear.8 In cases of myocardial ischemia or hypoglycemia, SGLT1 may increase the concentra
tion of ATP in myocardium by enhancing the availability of glucose. However, increased glucose transport may also increase 
the toxic effects of hyperglycemia. Thus, SGLT1 may play an important role in myocardial energy metabolism.39,40 In 
addition, SGLT1 expression was increased in cardiomyocytes in patients with T2DM, but there was no difference in SGLT1 
expression between healthy and ischemic/hypertrophic hearts.23,41 The expression of SGLT1 in cardiomyocytes from mice 
appears to increase with age.41 Moreover, functional changes in SGLT1 may be associated with altered cardiac pathology, 
particularly in diseases characterized by increased glucose consumption.41 The sites and functions of SGLT1 and SGLT2 are 
shown in Figure 2.

Figure 2 Sites and functions of SGLT1 and SGLT2 in kidney and of SGLT1 in small intestine, heart and brain. SGLT1 is mainly expressed in the small intestine and also 
expressed in the kidney, heart, and brain, while SGLT2 is mainly expressed in the kidney. In the kidney, both SGLT1 and SGLT2 are responsible for glucose reabsorption. In 
the small intestine, SGLT1 is responsible for the absorption of glucose and galactose from the gut lumen. In the heart and brain, SGLT1 plays an important role in energy 
metabolism.
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Phlorizin, a non-selective inhibitor of SGLT, was first isolated from the root bark of the apple tree in 1835.42 Phlorizin with Ki 
values are 300 and 39 nM in human SGLT1 and SGLT2, respectively,43 and the order of inhibiting effects on SGLT is SGLT2 > 
SGLT1 > SGLT4 > SGLT3 ≫ νSGLT.44 In addition to its anti-inflammatory, antioxidant, and anti-cancer effects, phlorizin has 
been reported to correct hyperglycemia and improve insulin sensitivity without altering insulin levels.42,45 However, phlorizin is 
hydrolyzed by intestinal glucosidase and has poor oral bioavailability, so novel phlorizin-based analogs derived from O glucoside 
and from C glucoside have emerged, both of which exhibit good pharmacokinetic profiles and are resistant to hydrolysis by 
intestinal glucosidase.28,46 Currently, compounds derived from C glycoside, such as empagliflozin, canagliflozin, and dapagli
flozin, are all approved by European Medicines Agency (EMA), Food and Drug Administration (FDA), Pharmaceuticals and 
Medical Devices Agency, Japan (PMDA), and National Medical Products Administration, China (NMPA) for marketing for the 
treatment of T2DM.28 Sotagliflozin is currently approved in Europe as an adjunct to optimize insulin therapy in adults with type 1 
diabetes mellitus (T1DM) and a body mass index (BMI) ≥27 kg/m2, helping to achieve glycemic control and weight loss without 
increasing the risk of hypoglycemia.47 Although the relevant clinical data are currently limited to short-term studies, sotagliflozin 
remains a promising new drug for treatment of T2DM and T1DM13 (Table 1).

Table 1 Current/Under Development SGLT2, Dual SGLT1/SGLT2, and SGLT1 Inhibitors

Drug 
Name

Target The Highest Stage of Clinical Trials and 
Cardiovascular Related Trials

Development 
Phase

Approval Time for Listing with 
Cardiovascular Related Indication

Canagliflozin SGLT2 Phase IV 
Completed 

CANVAS Program (NCT01032629)

Approved by 
FDA (2013/03) 

EMA (2013/11) 

PMDA (2014/07) 
NMPA (2017/09)

Not applicable

Dapagliflozin SGLT2 Phase IV 
Completed 

DECLARE-TIMI 58 (NCT01730534)

Approved by 
FDA (2014/01) 

EMA (2012/11) 

PMDA (2014/03) 
NMPA (2017/03)

HF: 
USA (2020/05) 

EU (2020/11) 

Japan (2020/11) 
China (2021/02)

Empagliflozin SGLT2 Phase IV 

Completed 
EMPA-REG OUTCOME (NCT01131676)

Approved by 

FDA (2014/08) 
EMA (2014/05) 

PMDA (2014/12) 

NMPA (2017/09)

HF: 

USA (2021/08) 
EU (2021/06) 

Japan (2021/11)

Luseogliflozin SGLT2 Phase IV 

Completed

Approved by 

PMDA (2014/03)

Not applicable

Tofogliflozin SGLT2 Phase IV 
Completed

Approved by 
PMDA (2014/03)

Not applicable

Ipragliflozin SGLT2 Phase IV 

Completed

Approved by 

PMDA (2014/01)

Not applicable

Ertugliflozin SGLT2 Phase IV 

Completed 

VERTIS CV (NCT01986881)

Approved by 

FDA (2017/12) 

EMA (2018/03) 
NMPA (2020/07)

Not applicable

Bexagliflozin SGLT2 Phase III 

Completed 
NCT03514641

Approved by 

FDA (2023/01)

Essential hypertension: 

USA (2023/01)

Sotagliflozin SGLT1 

SGLT2

Phase III 

Completed 
SOLOIST-WHF (NCT03521934)

Approved by 

FDA (2023/05) 
EMA (2019/04)

HF: 

USA (2023/05)

Mizagliflozin SGLT1 Phase II 

Completed

Not applicable Not applicable

KGA-2727 SGLT1 Preclinical studies Not applicable Not applicable

Notes: HF: Heart failure; FDA: Food and Drug Administration; EMA: European Medicines Agency; PMDA: Pharmaceuticals and Medical Devices Agency; NMPA: National 
Medical Products Administration; EU: European Union; USA: United States of America.
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SGLT2 inhibitors were originally designed for glycemic control in patients with DM, and SGLT2 inhibitors have also 
been shown to have cardioprotective effects. When it comes to glucose-lowering drugs, it is important to consider 
whether there is a risk of hypoglycemia, which can activate sympathetic nerves and thus damage the heart.48 One of the 
advantages of SGLT2 inhibitors is the lower risk of hypoglycemia during their treatment. No increased risk of 
hypoglycemia has been observed in patients with CKD or HF without DM, while these drugs do not increase the risk 
of acute kidney injury (AKI).49 This may be related to the enhanced glucose transport capacity of SGLT1 in the S3 
segment and increased plasma glucagon concentration, gluconeogenesis, and lipolysis after SGLT2 inhibition.50,51 

SGLT2 inhibitors have recently been recommended as basic therapy for HF with reduced ejection fraction (HFrEF), 
and Tomasoni et al52 also recommend early initiation of SGLT2 inhibitors to rapidly improve clinical outcomes and 
quality of life in patients with HFrEF. However, some side effects of SGLT2 inhibitors still deserve attention, such as 
genital and urinary tract infections, AKI, diabetic ketoacidosis, bone fracture, and lower limb amputation.53–56

In the small intestine, the uptake of dietary glucose is mainly mediated by SGLT1. SGLT1 inhibition enhanced GLP-1 and 
peptide YY (PYY) release, reducing the risk of worsening DM and its complications.57 However, mutations or defects in the 
SGLT1 gene can cause the retention of unabsorbed galactose and glucose in the intestine, leading to dehydration and 
hyperosmolar diarrhoea.58–60 In a clinical trial on the treatment of functional constipation with mizagliflozin, a selective 
SGLT1 inhibitor, it was found that of all adverse effects, only diarrhea and abdominal distention were deemed to be related to 
mizagliflozin treatment. The selective SGLT1 inhibitor KGA-2727 is still in preclinical studies. However, it is worth noting 
that sotagliflozin, a SGLT1/SGLT2 dual inhibitor, is well tolerated, and no evidence of increased gastrointestinal side effects 
was found.61 The pathophysiology of the diabetic heart shows that cardiac inhibition of SGLT1 can also have beneficial effects 
on cardiac reactive oxygen species (ROS) formation and glycogen accumulation.8 More data on their safety and efficacy are 
needed when evaluating their role in cardiovascular-related diseases.

The Effects of SGLT1 Inhibition on Diabetes-Related Heart Injury
Patients with DM have more than twice the risk of HF and a worse prognosis than that in those without DM.62 Many 
commonly used glucose-lowering drugs have been successful in glycemic control in patients with T2DM, but not all of them 
provide cardiovascular benefits to patients. Sulphonylureas have a higher incidence of cardiovascular adverse events 
compared to other hypoglycemic agents, and insulin sensitizers also significantly increase the risk of HF in T2DM 
patients.63,64 Recently, SGLT2 inhibitors and GLP-1 agonists have been reported to have a significant reduction in cardio
vascular mortality.65–67 A growing number of studies have also shown that SGLT1 inhibition does have cardiovascular 
benefits.

The Effects of SGLT1 Inhibition on Cardiomyocytes
Diabetic cardiomyopathy (DCM) is characterized by cardiomyocyte apoptosis, hypertrophy, and myocardial fibrosis, 
leading to firstly diastolic dysfunction, later systolic dysfunction, and eventually clinical HF, independent of coronary 
artery disease, hypertension, or valvular heart diseases.68,69 Increasing evidence demonstrates that oxidative stress, 
mitochondrial dysfunction, and impaired calcium homeostasis are related to the development of DCM and are the 
primary mechanisms of myocardial injury.70,71 SGLT1 is also involved in the occurrence of DCM to some extent. Lin 
et al demonstrated that SGLT1 levels were significantly elevated in high glucose (HG)-induced H9C2 cells and in 
patients with DCM. Mizagliflozin, a selective SGLT1 inhibitor, attenuated myocardial fibrosis and apoptosis by 
suppressing JNK and p38 MAPK pathways.72 Mitochondrial dysfunction and free fatty acids induced by HG generate 
large amounts of ROS.73 Increased oxidative stress exacerbates the inflammatory response, causing multiple abnormal 
changes in the structure and function of cardiomyocytes, including cell apoptosis, necrosis, loss of intercellular contacts, 
and malformation of contractile structures.74 A significant increase in SGLT1 expression was found in H9C2 exposed to 
HG and palmitic acid. However, SGLT2 expression was not detected in H9C2. The inhibition of SGLT1 by canagliflozin 
and dapagliflozin reduced the generation of ROS and alleviated H9C2 apoptosis. Dasari et al75 consider that glucolipo
toxicity mediates cardiomyocyte injury through upregulation of SGLT1 to augment oxidative stress, cell apoptosis, and 
necrosis. Therefore, inhibition of SGLT1 may be a strategy to inhibit cardiomyocyte injury. Moreover, Balteau et al40 first 
described that HG led to NADPH oxidase activation and ROS production by interacting with SGLT1 rather than GLUTs. 
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Overexpression of GLUT1 in myocardium did not affect the morphology and function of the hearts.76 NADPH oxidase is 
involved in hyperglycemia-induced ROS production. NOX2 is an important component of NADPH oxidase, and 
activation of NOX2 is associated with p47phox, p67phox, p40phox, and Rac1. HG activates NOX2 by Rac1 activation 
and p47phox translocation and then increases the production of ROS, which induces cell death.77 Phlorizin not only 
counteracted HG-induced ROS production but also blocked p47phox translocation and Rac1 activation.40 These suggest 
that HG promotes oxidative stress in cardiomyocytes through SGLT1-mediated signaling pathways. Inhibition of SGLT1 
can alleviate the degree of oxidative stress to some extent and play a role in protecting cardiomyocytes from injury. Ng 
et al78 found that HG upregulated the expression of SGLT1 and SGLT2 in human induced pluripotent stem cell (hiPSC)- 
derived cardiomyocytes, which increased Na+ into the cardiomyocytes. Through the reverse mode of sodium-calcium 
exchanger (NCX), the increased sodium entry into cardiomyocytes leads to an increase in cytosolic calcium, which 
affects the excitation-contraction coupling of cardiomyocytes. In addition, HG-induced intracellular calcium overload 
could promote oxidative stress.79 Ng et al78 also found that HG significantly induced hypertrophic changes and impaired 
excitation-contraction coupling in both hiPSC-derived cardiomyocytes and IMR90 cell line. The contractility of hiPSC- 
derived cardiomyocytes was significantly diminished. Empagliflozin effectively reduced HG-induced cardiac abnormal
ities and did not alter hiPSC-derived cardiomyocytes viability or glucose metabolism.

Intermittent hyperglycemia is more harmful than persistent hyperglycemia and is closely associated with cardiovascular 
complications of DM.80 Glucose fluctuation exacerbates mitochondrial damage, oxidative stress, fibrosis, and inflammation in 
cardiomyocytes, which ultimately result in cardiac diastolic dysfunction.81–84 Mitochondrial fusion and fission maintain the 
stability of mitochondrial dynamics.85 Wu et al86 demonstrated that glucose fluctuation induced SGLT1 upregulation and 
mitochondrial dysfunction in myocardium from streptozotocin-induced diabetic mice. SGLT1 knockdown promoted mito
chondrial fusion and inhibited mitochondrial fission in the hearts of diabetic mice, which ultimately improved cardiac 
mitochondrial dysfunction and attenuated cardiomyocyte apoptosis. Moreover, the knockdown of SGLT1 blocked the leakage 
of cytochrome c from mitochondria to cytoplasm and increased the ATP content and complex I–IV activity in diabetic hearts. 
Sun et al87 found that glucose fluctuation increased the expression of IL-1β and IL-18 and activated the inflammatory response 
in left ventricular cardiomyocytes of diabetic mice. It is well known that NF-κB induces inflammatory response and 
pyroptosis. Pyroptosis is a form of programmed cell death associated with inflammatory response.88 Pyroptosis requires 
activation of the nod-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, which in turn activates caspase- 
1 to cleave gasdermin D (GSDMD) and convert the precursor cytokines pro-IL-1β and pro-IL-18 to mature IL-1β and IL-18. 
Inhibition of SGLT1 partially reversed the inflammatory response and pyroptosis of cardiomyocytes and alleviated glucose 
fluctuation-induced heart injury.87 Chai et al89,90 established a model of glucose fluctuation by H9C2 and confirmed that 
intermittent HG could elevate SGLT1 expression. Knockdown of SGLT1 attenuated mitochondrial dysfunction and counter
acted oxidative stress and inflammation-induced cell death.

In summary, the effects of SGLT1 inhibition on HG-related cardiomyocytes are shown in Figure 3.

The Effects of SGLT1 Inhibition on Vascular Endothelial Cells
Endothelial dysfunction is a key factor leading to cardiovascular complications in DM.91 Vascular endothelial cells (ECs) 
are sensitive to glucotoxicity and are important targets of HG injury.92 Exposure of ECs to HG reduced NO production 
and diminished NO-mediated vasodilation, causing various pathological changes in blood vessels.93 It was found that HG 
significantly upregulated the expression of SGLT1 and SGLT2 in coronary ECs and promoted SGLT1 and SGLT2- 
mediated glucose uptake. Empagliflozin and LX-4211, a dual SGLT1/SGLT2 inhibitor, were both strongly effective in 
blocking the stimulatory effects of HG on ECs, cell senescence, and cell glucotoxicity.93

The Effects of SGLT1 Inhibition on Cardiac Fibroblasts
Cardiac fibroblasts (CFs), one of the main cells in hearts, play a crucial role in cardiac fibrosis and provide a pathological 
basis for cardiac remodeling. Changes in CFs from a resting type to an activated type increase their proliferation and 
migration capacity and secrete large amounts of extracellular matrix (ECM), contributing to cardiac fibrosis.94 Under 
normal conditions, a dynamic balance between ECM catabolism and synthesis is maintained by matrix metalloprotei
nases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs).95 MMPs are responsible for the cleavage of ECM. 
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During cardiac remodeling, ECM degradation and synthesis are simultaneously activated. Dysregulation of MMP-2 
expression and activity alter the balance between ECM synthesis and degradation, resulting in excessive collagen 
deposition and destructive myocardial structural integrity. Increased ECM degradation provides space for the prolifera
tion and migration of human CFs and other macrophages, further aggravating the cardiac remodeling process.6,95 Meng 
et al6 found that HG may induce an increase in MMP-2 expression in human CFs by upregulating SGLT1. Extracellular 
signal-regulated kinase (ERK) 1/2 and p38 MAPK signaling pathways play an important role in myocardial fibrosis.96,97 

Meng et al6 also found that p38 MAPK and ERK1/2 phosphorylation were inhibited by SGLT1 knockdown, which 
decreased transforming growth factor-β1 (TGF-β1), collagen I, and collagen III. Knockdown of SGLT1 inhibited HG- 
induced activation of CFs and ameliorated cardiac fibrosis.98 Similarly, Wu et al99 also confirmed that inhibition of 
SGLT1 could attenuate the proliferation and activation of CFs and M1 polarization induced by glucose fluctuation. M1 
macrophages are proinflammatory macrophages. M2 macrophages are anti-inflammatory macrophages.100–102 SGLT1 
inhibition significantly promotes the shift of macrophages to M2, and suppresses myocardial fibrosis.

The Effects of SGLT1 Inhibition on Non-Diabetes-Related Heart Injury
The Effects of SGLT1 Inhibition on Cardiomyocytes
Myocardial infarction (MI) is often secondary to coronary atherosclerosis, and when coronary blood flow is suddenly reduced, 
myocardial ischemia and hypoxia aggravate myocardial remodeling, which eventually leads to HF.103 Myocardial remodeling 
not only leads to myocardial hypertrophy and fibrosis but also creates favorable conditions for the formation of reentry, which 
affect normal cardiac electrical conduction and induce arrhythmias.104 Current interventional and pharmacological therapy is 
insufficient to reduce subsequent cardiac remodeling in HF.105 Therefore, the identification of new targets to improve MI-induced 
HF is of significant importance. It is shown that SGLT1 protein expression was observably increased in myocardium from MI 
mice that undergo left anterior descending coronary artery ligation operation, leading to an increase in cardiomyocyte diameter 

Figure 3 Potential molecular mechanisms of SGLT1 inhibition in diabetes-related heart injury. SGLT1 inhibition can reduce cardiomyocyte fibrosis and apoptosis through 
JNK and p38 MAPK pathways, as well as block Rac1 activation and p47phox translocation to reduce NOX2 activation and ROX production, thus reducing cardiomyocyte 
apoptosis. The knockdown of SGLT1 also promoted mitochondrial fusion, inhibited mitochondrial fission, and increased ATP content and complex I–IV activity, therefore 
improving mitochondrial dysfunction and attenuating cardiomyocyte oxidative stress and apoptosis. Inhibition of SGLT1 can reduce cardiomyocyte hypertrophy and oxidative 
stress caused by intracellular Ca2+ overload, and partially decrease the inflammatory response and pyroptosis in cardiomyocytes by suppressing NF-κB and NLRP3/caspase-1 
pathway.
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and fibrosis in the left ventricle. The selective SGLT1 inhibitor, KGA-2727, inhibited cardiomyocyte hypertrophy gene 
expression, attenuated myocardial fibrosis and left ventricular shortening fraction. Moreover, there were no differences in 
blood glucose levels in mice, indicating that the cardioprotection of KGA-2727 is independent of inhibition of SGLT1 in the 
small intestine and kidney.105 Sotagliflozin attenuated cardiac remodeling due to excessive activation of the TLR4/CaMKII 
pathway and significantly reduced the incidence of malignant ventricular arrhythmias.106 5’-AMP-activated protein kinase 
(AMPK) upregulates SGLT1 expression through the ERK pathway in the process of ischemia, and SGLT1 interacts with 
epidermal growth factor receptor (EGFR), which in turn increases protein kinase C (PKC) and NADPH oxidase 2 (Nox2) activity 
as well as oxidative stress. However, in transgenic mice with cardiomyocyte-specific RNA interference knockdown of SGLT1, 
Li et al found a reduction in infarct size, necrosis, and oxidative stress.107 SGLT1 may therefore be a novel target of therapeutic 
for ischemia/reperfusion (I/R) injury.

In the murine model of PRKAG2 cardiomyopathy, cardiac SGLT1 knockdown not only did not affect cardiac function but 
also attenuated glycogen storage, myocardial hypertrophy, and left ventricular dysfunction.108 Myocardial hypertrophy is the 
most common adaptive response of the heart under pressure and volume overload. Sayour et al109 induced chronic progressive 
pressure overload and volume overload in Wistar rats using transverse aortic constriction (TAC), abdominal aortic, and 
inferior vena cava shunts, respectively. They verified that SGLT1 protein expression was significantly upregulated in the left 
ventricle from HF rats by pressure overload or volume overload. Their results were consistent with the study of Matsushita 
et al110, chronic stress overload led to a reduction in left ventricular fractional shortening and left ventricular dilatation in TAC- 
operated WT but not in TAC-operated SGLT1−/− mice. Increased gene expression of SGLT1, atrial natriuretic peptide (ANP), 
brain natriuretic peptide (BNP), IL-18, connective tissue growth factor (CTGF), and collagen I was shown in TAC-operated 
WT mice. However, an increase in these factors was not observed in TAC-operated SGLT1−/− mice. These results suggest that 
increased SGLT1 expression is associated with chronic pressure overload-induced hypertrophic cardiomyopathy. Moreover, 
treatment of rats with sotagliflozin attenuated myocardial hypertrophy and fibrosis induced by pressure overload after TAC. 
This is the first study to demonstrate the cardioprotective effect of dual SGLT1/2 inhibition at therapeutic doses.111

HF begins with myocardial injury. Initially, the body is able to maintain normal cardiac output through compensatory 
mechanisms, but these neurohumoral mechanisms eventually lead to direct cytotoxicity, causing arrhythmias and pump 
failure. HF with preserved ejection fraction (HFpEF) is usually associated with precursors of left atrial enlargement and 
atrial fibrillation.112,113 The study of Bode et al114 has shown that sotagliflozin improves left atrial remodeling in 
metabolic syndrome-related HFpEF, and also improves spontaneous Ca2+ release events, mitochondrial Ca2+ buffer 
capacity, diastolic Ca2+ accumulation, and NCX activity, and exerts antiarrhythmic effects on left atrial cardiomyocytes. 
In patients with end-stage HF who were undergoing heart transplantation, Sayour et al115 found that SGLT1 expression 
positively correlated with left ventricular end-diastolic diameter (LVEDD) and negatively correlated with left ventricular 
systolic function. However, SGLT2 expression was not detected in myocardium. These results suggest a potential of 
SGLT1 in the development of HF and possible cardioprotective effects of SGLT1 inhibitors (Figure 4).

The Effects of SGLT1 Inhibition on Vascular Endothelial Cells
Angiotensin II (Ang II) and blood-derived microparticles are major mediators of CVD.116,117 Ang II and microparticles from 
patients with coronary artery disease were also found to be potent inducers of SGLT1 and SGLT2 by Park et al117, and SGLT1 
and SGLT2 work in a feed-forward manner to maintain the stimulatory effect of the Ang II/AT1R/NADPH oxidase/ROS 
pathway on SGLT1 and SGLT2 expression in ECs. Sotagliflozin and empagliflozin abrogated Ang II–induced upregulation of 
SGLT1 and SGLT2 and alleviated oxidative stress, senescence, and dysfunction of ECs. Despite the presence of persistent 
hypertension, empagliflozin also effectively prevented Ang II–induced cardiac remodeling, macrophage infiltration, and 
activation of ECs. It was further noted that cardiovascular benefits were achieved by preventing the activation of the 
deleterious Ang II/NADPH oxidase/SGLT1 and SGLT2 pro-oxidant pathways in ECs and maintaining eNOS/ROS home
ostasis, thereby endothelial SGLT1 and SGLT2 play a key role in the control of vascular and cardiac homeostasis.118

Summary
Large clinical trials have shown that SGLT2 inhibitors not only lower blood glucose and body weight but also have 
cardioprotective effects. SGLT2 inhibitors have been widely used for diabetic patients in clinics, and are particularly 
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recommended for patients with DM and ASCVD, HF or CKD. SGLT1 inhibition also shows great potential in the treatment of 
CVD regardless of the presence of DM. Evidence from studies targeting cardiomyocytes, ECs, and CFs suggests that inhibition 
of SGLT1 can be effective in cardiovascular protection by alleviating oxidative stress, inflammation, cell pyroptosis, myocardial 
fibrosis, and apoptosis. SGLT1 knockdown helps to prevent cardiovascular complications aggravated by glucose fluctuations in 
DM and to provide new insights into the role of SGLT1 in cardiomyocyte injury caused by glucose fluctuations, which also 
suggests the therapeutic potential of SGLT1 for DCM. Meanwhile, SGLT1 inhibition attenuates I/R injury, and would be 
a possible target of the treatment for arrhythmias and HF, but further evaluation in clinical trials is still needed. These 
experimental results also help to explain the underlying mechanisms of cardiovascular benefits of SGLT2 inhibitors observed 
in large clinical trials, which may be partially attributed to inhibition of SGLT1. In conclusion, SGLT1 may be implicated in the 
mechanisms of the development of CVD by acting on different cell types in myocardium. However, there is a need to further 
investigate the molecular mechanisms of SGLT1 inhibitors in CVD. We are looking forward to the development of more SGLT1 
or dual SGLT1/SGLT2 inhibitors and to seeking their cardiovascular benefits in the near future.
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