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INTRODUCTION 

Type 2 diabetes mellitus (T2DM) affects over 463 

million individuals worldwide and is associated with 

a two- to four-fold increased risk of cardiovascular 

disease¹. The management of T2DM has traditionally 

focused on glycemic control; however, the discovery 

that certain antidiabetic agents provide cardiovascular 

benefits independent of glucose lowering has 

revolutionized diabetes care². Sodium-glucose 

cotransporter-2 (SGLT2) inhibitors, originally 

developed as glucose-lowering agents, have emerged 

as a paradigm-shifting therapeutic class with 

profound cardiovascular protective effects³. SGLT2 

inhibitors, including empagliflozin, canagliflozin, and 

dapagliflozin, function by blocking glucose 

reabsorption in the proximal tubules of the kidneys, 

leading to glucosuria and subsequent glucose 

lowering⁴. However, landmark cardiovascular 

outcome trials, including EMPA-REG OUTCOME, 

CANVAS, and DECLARE-TIMI 58, have 

demonstrated significant reductions in major adverse 

cardiovascular events (MACE), heart failure 

hospitalizations, and cardiovascular mortality⁵⁻⁷. 

These benefits appear rapidly after treatment 

initiation and are disproportionate to the modest 

glucose-lowering effects, suggesting glucose-

independent mechanisms of cardioprotection⁸. The 

molecular basis of SGLT2 inhibitor-mediated 

cardioprotection involves complex, interconnected 

pathways that extend beyond glycemic control. These 

mechanisms include metabolic reprogramming of 

cardiac tissue, modulation of ion homeostasis, anti-

inflammatory effects, improvement in endothelial 

function, and direct myocardial protective actions⁹⁻¹⁰. 

Understanding these molecular mechanisms is 

essential for optimizing therapeutic strategies and 

developing novel cardiovascular protective agents. 

This comprehensive review aims to elucidate the 

intricate molecular mechanisms underlying the 
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cardioprotective effects of SGLT2 inhibitors, 

examining both glucose-dependent and glucose-

independent pathways. We systematically analyze 

current evidence from preclinical and clinical studies 

to provide insights into how these agents bridge 

glucose lowering with cardiac protection, ultimately 

contributing to improved cardiovascular outcomes in 

patients with and without diabetes. 

SGLT2 Transporter: Structure and Function 

Molecular Structure and Expression 

The sodium-glucose cotransporter-2 (SGLT2) 

belongs to the sodium-glucose transporter family, 

encoded by the SLC5A2 gene located on chromosome 

16¹¹. SGLT2 is a high-capacity, low-affinity glucose 

transporter primarily expressed in the S1 segment of 

the proximal tubule of the kidney, where it is 

responsible for approximately 90% of filtered glucose 

reabsorption¹². The transporter consists of 672 amino 

acids forming 14 transmembrane domains with both 

N- and C-termini located intracellularly¹³. 

Physiological Role and Regulation 

Under normal physiological conditions, SGLT2 

reabsorbs glucose from the glomerular filtrate through 

a sodium-dependent mechanism, utilizing the sodium 

gradient maintained by the basolateral Na⁺/K⁺-

ATPase pump¹⁴. The transporter exhibits a 

stoichiometry of 1:1 for sodium and glucose, 

distinguishing it from SGLT1, which has a 2:1 ratio¹⁵. 

SGLT2 expression and activity are regulated by 

various factors, including glucose concentration, 

insulin, and inflammatory mediators¹⁶. 

Extra-renal Expression and Function 

Recent evidence has identified SGLT2 expression in 

extra-renal tissues, including the heart, where it may 

play direct roles in cardiac glucose metabolism and 

cellular signaling¹⁷. Cardiac SGLT2 expression is 

upregulated in diabetic conditions and heart failure, 

suggesting a potential direct target for SGLT2 

inhibitor action in the myocardium¹⁸. The functional 

significance of extra-renal SGLT2 expression in 

mediating the cardioprotective effects of SGLT2 

inhibitors remains an active area of investigation. 

Glucose-Dependent Mechanisms Of 

Cardioprotection 

Improved Glycemic Control 

SGLT2 inhibitors achieve glucose lowering through 

insulin-independent mechanisms, reducing both 

fasting and postprandial glucose levels¹⁹. The 

magnitude of glucose lowering is proportional to the 

degree of hyperglycemia, with minimal risk of 

hypoglycemia in non-diabetic individuals²⁰. Improved 

glycemic control contributes to cardiovascular 

protection through multiple pathways, including 

reduced oxidative stress, decreased protein glycation, 

and improved endothelial function²¹. 

Table 1: Glucose-Lowering Effects of SGLT2 Inhibitors 

SGLT2 

Inhibitor 

Daily 

Dose (mg) 

HbA1c 

Reduction (%) 

Fasting Glucose 

Reduction (mg/dL) 

Weight 

Loss (kg) 

Reference 

Empagliflozin 10-25 0.7-0.8 25-35 2.0-3.0 [22] 

Canagliflozin 100-300 0.8-1.0 30-40 2.5-3.5 [23] 

Dapagliflozin 5-10 0.6-0.9 20-30 2.0-3.0 [24] 

Ertugliflozin 5-15 0.7-0.9 25-35 1.8-2.8 [25] 

Metabolic Flexibility and Substrate Utilization 

SGLT2 inhibitors promote metabolic flexibility by 

shifting substrate utilization from glucose to 

alternative fuels, particularly ketone bodies and fatty 

acids²⁶. This metabolic shift has significant 

implications for cardiac energetics, as the heart 

preferentially utilizes fatty acids and ketones during 

stress conditions²⁷. The enhanced availability of 

ketone bodies provides a more efficient energy source 

for cardiac metabolism, potentially contributing to 

improved cardiac function²⁸. 

Reduction in Glucotoxicity 

Chronic hyperglycemia leads to glucotoxicity, 

characterized by increased oxidative stress, 

inflammatory signaling, and cellular dysfunction²⁹. 



Rushikesh Bhosle, Int. J. Sci. R. Tech., 2025 2(9), 234-246 |Review 

                 

              INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNOLOGY                                                              236 | P a g e  

SGLT2 inhibitors reduce glucose exposure at the 

cellular level, thereby minimizing glucotoxic effects 

on cardiovascular tissues³⁰. This reduction in 

glucotoxicity contributes to improved endothelial 

function, reduced vascular inflammation, and 

enhanced cardiac metabolic efficiency³¹. 

Glucose-Independent Mechanisms of 

Cardioprotection 

Cardiac Metabolic Reprogramming 

One of the most significant glucose-independent 

mechanisms of SGLT2 inhibitor cardioprotection 

involves metabolic reprogramming of cardiac tissue³². 

These agents enhance ketone body production and 

utilization, providing the heart with a more efficient 

energy substrate³³. Ketone bodies yield approximately 

30% more ATP per oxygen molecule compared to 

glucose, improving cardiac energetic efficiency 

during stress conditions³⁴. 

Table 2: Metabolic Effects of SGLT2 Inhibitors on Cardiac Tissue SGLT2 

Metabolic Parameter Effect Mechanism Clinical Significance Reference 

Ketone Production ↑ 2-3-

fold 

Enhanced lipolysis, 

hepatic ketogenesis 

Improved cardiac energetics [35] 

Fatty Acid Oxidation ↑ 20-

30% 

Activation of PPAR-α 

pathways 

Enhanced metabolic flexibility [36] 

Glucose Oxidation ↓ 15-

25% 

Reduced glucose uptake Metabolic shift to ketones [37] 

ATP Production ↑ 10-

15% 

Improved mitochondrial 

efficiency 

Better cardiac contractility [38] 

Oxygen Consumption ↓ 8-

12% 

More efficient substrate 

utilization 

Reduced cardiac workload [39] 

Ion Homeostasis and Cellular Signaling 

SGLT2 inhibitors influence cardiac ion homeostasis 

through multiple mechanisms independent of glucose 

lowering⁴⁰. These agents modulate sodium-hydrogen 

exchanger (NHE) activity, leading to improved 

intracellular pH regulation and reduced sodium 

overload⁴¹. The reduction in intracellular sodium 

subsequently decreases calcium influx through the 

sodium-calcium exchanger, potentially reducing 

cellular injury and improving diastolic function⁴². 

Anti-inflammatory Effects 

SGLT2 inhibitors demonstrate significant anti-

inflammatory properties that contribute to 

cardiovascular protection⁴³. These agents reduce the 

production of pro-inflammatory cytokines, including 

tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), 

and C-reactive protein (CRP)⁴⁴. The anti-

inflammatory effects are mediated through inhibition 

of nuclear factor-κB (NF-κB) signaling and activation 

of anti-inflammatory pathways⁴⁵. 

Table 3: Anti-Inflammatory Effects of SGLT2 Inhibitors 

Inflammatory 

Marker 

Baseline 

Level 

Post-SGLT2i 

Level 

% 

Reduction 

Mechanism Reference 

TNF-α (pg/mL) 8.5 ± 2.1 5.2 ± 1.8 39% NF-κB inhibition [46] 

IL-6 (pg/mL) 4.2 ± 1.5 2.8 ± 1.1 33% STAT3 pathway modulation [47] 

CRP (mg/L) 5.8 ± 2.3 3.1 ± 1.4 47% Hepatic acute phase response [48] 

IL-1β (pg/mL) 2.1 ± 0.8 1.3 ± 0.6 38% NLRP3 inflammasome inhibition [49] 

Endothelial Function Improvement 

SGLT2 inhibitors enhance endothelial function 

through multiple glucose-independent mechanisms⁵⁰. 

These agents increase nitric oxide (NO) 

bioavailability by reducing oxidative stress and 

enhancing endothelial NO synthase (eNOS) activity⁵¹. 

Additionally, SGLT2 inhibitors improve endothelial-

dependent vasodilation and reduce endothelial 

permeability⁵². 
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Direct Myocardial Effects 

Recent evidence suggests that SGLT2 inhibitors exert 

direct effects on cardiac myocytes independent of 

systemic metabolic changes⁵³. These direct effects 

include modulation of calcium handling, 

improvement in mitochondrial function, and 

activation of cardioprotective signaling pathways 

such as AMPK and SIRT1⁵⁴⁻⁵⁵. 

Molecular Signaling Pathways 

AMPK Activation and Metabolic Regulation 

AMP-activated protein kinase (AMPK) serves as a 

central regulator of cellular energy homeostasis and is 

significantly activated by SGLT2 inhibitors⁵⁶. AMPK 

activation leads to enhanced fatty acid oxidation, 

improved glucose uptake, and activation of 

antioxidant defense mechanisms⁵⁷. The AMPK 

pathway also promotes autophagy, which is crucial 

for maintaining cardiac cellular homeostasis⁵⁸. 

Table 4: SGLT2 Inhibitor Effects on Key Signaling Pathways 

Signaling 

Pathway 

Primary Target Effect Downstream 

Consequences 

Cardioprotective 

Outcome 

Reference 

AMPK AMPKα1/α2 ↑ 3-4-

fold 

↑ Fatty acid oxidation, 

↑ Autophagy 

Improved 

energetics 

[59] 

SIRT1 NAD+ deacetylase ↑ 2-3-

fold 

↑ Mitochondrial 

biogenesis 

Enhanced 

metabolism 

[60] 

NF-κB p65/RelA ↓ 50-60% ↓ Inflammatory gene 

expression 

Reduced 

inflammation 

[61] 

PPAR-α Nuclear receptor ↑ 40-50% ↑ Fatty acid 

metabolism genes 

Metabolic 

flexibility 

[62] 

mTOR Serine/threonine 

kinase 

↓ 30-40% ↑ Autophagy, ↓ 

Protein synthesis 

Cellular 

homeostasis 

[63] 

Autophagy and Cellular Quality Control 

SGLT2 inhibitors enhance autophagy, a cellular 

quality control mechanism essential for maintaining 

cardiac health⁶⁴. Enhanced autophagy leads to 

improved clearance of damaged organelles, 

particularly mitochondria, and contributes to 

cardioprotection under stress conditions⁶⁵. The 

autophagy-promoting effects are mediated through 

AMPK activation and mTOR inhibition⁶⁶. 

Oxidative Stress Reduction 

SGLT2 inhibitors significantly reduce oxidative stress 

through multiple mechanisms, including enhanced 

antioxidant enzyme activity and reduced NADPH 

oxidase expression⁶⁷. These agents increase 

superoxide dismutase (SOD), catalase, and 

glutathione peroxidase activities while reducing 

reactive oxygen species (ROS) production⁶⁸. The 

antioxidant effects contribute to improved endothelial 

function and reduced cardiac injury⁶⁹. 

Mitochondrial Effects and Bioenergetics 

Mitochondrial Function Improvement 

SGLT2 inhibitors enhance mitochondrial function 

through multiple mechanisms, including improved 

respiratory chain efficiency and enhanced 

mitochondrial biogenesis⁷⁰. These agents increase 

mitochondrial DNA content, cytochrome c oxidase 

activity, and ATP synthesis capacity⁷¹. The 

improvement in mitochondrial function is particularly 

important for cardiac tissue, which has high energy 

demands⁷². 
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Table 5: Mitochondrial Effects of SGLT2 Inhibitors 

Mitochondrial 

Parameter 

Control SGLT2 

Inhibitor 

% 

Change 

Mechanism Reference 

ATP Production 

(pmol/min/mg) 

245 ± 35 312 ± 42 +27% Enhanced respiratory 

chain 

[73] 

Mitochondrial DNA 

Content 

1.0 ± 0.2 1.4 ± 0.3 +40% PGC-1α activation [74] 

Cytochrome c 

Oxidase Activity 

100 ± 15 135 ± 18 +35% Improved Complex 

IV function 

[75] 

Mitochondrial 

Membrane Potential 

-140 ± 10 

mV 

-165 ± 12 mV +18% Enhanced proton 

gradient 

[76] 

ROS Production 152 ± 25 98 ± 18 -35% Improved electron 

transport 

[77] 

Calcium Handling and Contractility 

SGLT2 inhibitors improve cardiac calcium handling 

through modulation of key calcium regulatory 

proteins⁷⁸. These agents enhance sarcoplasmic 

reticulum calcium ATPase (SERCA2a) expression 

and activity while reducing calcium leak through 

ryanodine receptors⁷⁹. The improved calcium 

handling contributes to enhanced cardiac contractility 

and diastolic function⁸⁰. 

Mitochondrial Biogenesis 

SGLT2 inhibitors promote mitochondrial biogenesis 

through activation of peroxisome proliferator-

activated receptor gamma coactivator-1α (PGC-1α) 

and nuclear respiratory factors⁸¹. Enhanced 

mitochondrial biogenesis increases the cellular 

capacity for energy production and improves cellular 

resilience to stress⁸². 

Cardiovascular Outcome Studies 

Major Clinical Trials 

Large-scale cardiovascular outcome trials have 

definitively established the cardioprotective effects of 

SGLT2 inhibitors⁸³. The EMPA-REG OUTCOME 

trial demonstrated a 14% reduction in major adverse 

cardiovascular events and a 35% reduction in heart 

failure hospitalizations with empagliflozin⁸⁴. 

Similarly, the CANVAS program showed significant 

cardiovascular benefits with canagliflozin⁸⁵. 

Table 6: Major Cardiovascular Outcome Trials of SGLT2 Inhibitors 

Trial Drug Participants 

(n) 

Primary 

Endpoint 

HR (95% 

CI) 

P-

value 

Key Secondary 

Endpoints 

Refer

ence 

EMPA-

REG 

Empagliflozin 7,020 3P-

MACE 

0.86 (0.74-

0.99) 

0.04 HHF: 0.65 

(0.50-0.85) 

[84] 

CANVAS Canagliflozin 10,142 3P-

MACE 

0.86 (0.75-

0.97) 

0.02 HHF: 0.67 

(0.52-0.87) 

[85] 

DECLARE-

TIMI 58 

Dapagliflozin 17,160 3P-

MACE 

0.93 (0.84-

1.03) 

0.17 HHF/CV death: 

0.83 (0.73-0.95) 

[86] 

VERTIS 

CV 

Ertugliflozin 8,246 3P-

MACE 

0.97 (0.85-

1.11) 

0.65 HHF: 0.70 

(0.54-0.90) 

[87] 

Heart Failure Benefits 

SGLT2 inhibitors have shown remarkable efficacy in 

heart failure patients, both with preserved and reduced 

ejection fraction⁸⁸. The DAPA-HF trial demonstrated 

significant benefits in heart failure patients with 

reduced ejection fraction, even in those without 

diabetes⁸⁹. The EMPEROR-Reduced and 

EMPEROR-Preserved trials further confirmed these 

benefits across the spectrum of heart failure⁹⁰⁻⁹¹. 

Mechanistic Insights from Clinical Studies 

Clinical studies have provided valuable insights into 

the mechanisms underlying SGLT2 inhibitor 

cardioprotection⁹². Biomarker studies have shown 
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consistent reductions in inflammatory markers, 

improvement in endothelial function parameters, and 

favorable changes in metabolic profiles⁹³. These 

findings support the multi-mechanistic approach to 

cardiovascular protection offered by SGLT2 

inhibitors⁹⁴. 

Tissue-Specific Effects 

Cardiac Tissue 

SGLT2 inhibitors exert direct effects on cardiac tissue 

through multiple mechanisms⁹⁵. These agents 

improve cardiac metabolism by enhancing ketone 

utilization and reducing glucose dependency⁹⁶. 

Additionally, SGLT2 inhibitors reduce cardiac 

fibrosis through modulation of transforming growth 

factor-β (TGF-β) signaling and collagen synthesis⁹⁷. 

Table 7: Tissue-Specific Effects of SGLT2 Inhibitors 

Tissue Primary Effects Molecular Targets Clinical Outcomes Reference 

Cardiac ↑ Ketone utilization, ↓ 

Fibrosis 

AMPK, SIRT1, 

TGF-β 

↓ HF hospitalizations [98] 

Vascular ↑ NO bioavailability, ↓ 

Inflammation 

eNOS, NF-κB Improved endothelial 

function 

[99] 

Renal ↓ Glomerular pressure, ↑ 

Natriuresis 

SGLT2, NHE3 Preserved kidney 

function 

[100] 

Hepatic ↑ Ketogenesis, ↓ 

Steatosis 

PPAR-α, FoxO1 Improved liver function [101] 

Adipose ↑ Lipolysis, ↓ 

Inflammation 

HSL, ATGL Weight loss, improved 

metabolism 

[102] 

Vascular Effects 

SGLT2 inhibitors improve vascular function through 

enhanced endothelial NO production and reduced 

vascular inflammation¹⁰³. These agents also promote 

vascular smooth muscle cell relaxation and reduce 

arterial stiffness¹⁰⁴. The vascular protective effects 

contribute to improved blood pressure control and 

reduced cardiovascular events¹⁰⁵. 

Renal Protection 

The renal protective effects of SGLT2 inhibitors 

extend beyond their primary site of action¹⁰⁶. These 

agents reduce intraglomerular pressure through 

modulation of tubuloglomerular feedback and provide 

anti-inflammatory and anti-fibrotic effects in kidney 

tissue¹⁰⁷. The renal protection contributes to overall 

cardiovascular risk reduction¹⁰⁸. 

Clinical Implications and Future Perspectives 

Therapeutic Applications 

The expanding understanding of SGLT2 inhibitor 

mechanisms has led to broadened therapeutic 

applications¹⁰⁹. These agents are now indicated for 

heart failure treatment in patients with and without 

diabetes, representing a paradigm shift in 

cardiovascular therapeutics¹¹⁰. The glucose-

independent mechanisms of action support their use 

in non-diabetic populations¹¹¹. 

Personalized Medicine Approaches 

Future therapeutic strategies may involve 

personalized approaches based on individual patient 

characteristics and biomarker profiles¹¹². Genetic 

variations in SGLT2 expression and metabolic 

pathways may influence treatment response and guide 

therapeutic decision-making¹¹³. The development of 

companion diagnostics could optimize patient 

selection for SGLT2 inhibitor therapy¹¹⁴. 

Novel Drug Development 

Understanding the molecular mechanisms of SGLT2 

inhibitor cardioprotection has informed the 

development of next-generation cardiovascular 

protective agents¹¹⁵. Novel compounds targeting 

similar pathways, including SGLT1/SGLT2 dual 

inhibitors and metabolic modulators, are under 

investigation¹¹⁶. The mechanistic insights also support 

combination therapies targeting multiple 

cardioprotective pathways¹¹⁷. 
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Table 8: Future Therapeutic Strategies Based on SGLT2 Inhibitor Mechanisms 

Strategy Target Mechanism Potential 

Advantages 

Development 

Stage 

Reference 

SGLT1/2 Dual 

Inhibition 

SGLT1 + 

SGLT2 

Enhanced 

metabolic effects 

Greater glucose 

lowering 

Phase III [118] 

Ketone 

Supplementation 

Ketone 

metabolism 

Direct ketone 

delivery 

Metabolic benefits 

without diabetes 

Phase II [119] 

AMPK Activators AMPK 

pathway 

Enhanced energy 

metabolism 

Multiple 

metabolic benefits 

Preclinical [120] 

NHE Inhibitors Sodium-

hydrogen 

exchange 

Improved cardiac 

ion handling 

Direct cardiac 

protection 

Phase II [121] 

Mitochondrial 

Modulators 

Respiratory 

chain 

Enhanced energy 

production 

Improved cardiac 

energetics 

Preclinical [122] 

CONCLUSION 

SGLT2 inhibitors represent a revolutionary 

advancement in cardiovascular therapeutics, 

providing protection through multiple glucose-

dependent and glucose-independent mechanisms. The 

molecular basis of their cardioprotective effects 

involves complex, interconnected pathways including 

metabolic reprogramming, ion homeostasis 

modulation, anti-inflammatory actions, and direct 

myocardial protection. These mechanisms 

collectively contribute to improved cardiovascular 

outcomes that extend beyond glycemic control. The 

evidence demonstrates that SGLT2 inhibitors exert 

their cardioprotective effects through enhancement of 

cardiac metabolic flexibility, particularly through 

increased ketone utilization and improved 

mitochondrial function. The anti-inflammatory and 

antioxidant properties of these agents further 

contribute to vascular protection and reduced 

cardiovascular risk. The direct effects on cardiac 

tissue, including improved calcium handling and 

reduced fibrosis, provide additional mechanisms of 

cardioprotection. Clinical outcome trials have 

consistently demonstrated the cardiovascular benefits 

of SGLT2 inhibitors across diverse patient 

populations, including those with and without 

diabetes. The rapid onset of cardiovascular benefits 

and their magnitude relative to glucose-lowering 

effects strongly support the importance of glucose-

independent mechanisms. These findings have led to 

expanded therapeutic indications and have 

transformed the management of heart failure. Future 

research should focus on further elucidating the 

molecular mechanisms of SGLT2 inhibitor 

cardioprotection and developing personalized 

therapeutic approaches. The identification of 

biomarkers predictive of treatment response and the 

development of combination therapies targeting 

multiple cardioprotective pathways represent 

promising areas for future investigation. 

Understanding these mechanisms will continue to 

inform the development of novel cardiovascular 

protective agents and optimize existing therapeutic 

strategies. The comprehensive understanding of 

SGLT2 inhibitor mechanisms highlights the 

importance of multi-target approaches in 

cardiovascular therapeutics. As our knowledge of 

these pathways continues to expand, SGLT2 

inhibitors will likely remain at the forefront of 

cardiovascular protection, serving as a model for 

developing next-generation therapeutics that bridge 

metabolic and cardiovascular health. 
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