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Abstract 
Sodium-glucose cotransporter 2 (SGLT-2) inhibitors are a promising class of 
medications for type 2 diabetes mellitus (DM2) treatment. This study aims to 
evaluate the clinical efficacy, safety, and potential benefits of SGLT-2 inhibi-
tors in improving cardiovascular and renal outcomes in DM2 patients. A com-
prehensive review of clinical trials and studies on SGLT-2 inhibitors was con-
ducted. SGLT-2 inhibitors significantly improve glycemic control, reduce car-
diovascular mortality, and lower the risk of renal events in DM2 patients. 
SGLT-2 inhibitors offer substantial cardio-renal protection in DM2 manage-
ment, though further research is needed to optimize their use. 
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1. Introduction 

The US Food and Drug Administration (FDA) has recently approved a group of 
medications known as sodium-glucose cotransporter 2 (SGLT-2) inhibitors. These 
drugs are intended for the treatment of adult patients who have been diagnosed 
with type 2 diabetes mellitus (DM2) [1]. SGLT-2 inhibitors act on SGLT-2 proteins 
found in the convoluted tubules of the renal proximal to reduce the amount of 
glucose being reabsorbed and increase the amount of glucose excreted in the urine, 
lowering blood glucose levels [2]. Although the precise processes by which SGLT-
2 inhibitors improve these outcomes are still unclear, it is assumed that they do so 
by reducing glucose reabsorption, which lowers intrarenal glucose levels and oxi-
dative stress [3]. The adverse effects of SGLT-2 inhibitors can include increased 
urination, increased risk of female yeast infections and urinary tract infections, and 
low blood pressure (FDA, 2021). Therefore, careful monitoring of kidney function 
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is required before and during treatment with SGLT-2 inhibitors [4]. 
The use of SGLT-2 inhibitors in patients with heart failure, whether they have 

type 2 diabetes or not, has shown good results in recent studies, lowering the risk 
of cardiovascular death and hospitalization for heart failure [5]. Furthermore, 
SGLT-2 inhibitors have shown the potential to lower the risk of progression of 
kidney disease in people with chronic kidney disease. More research is needed to 
fully understand how these medications improve these outcomes and assess their 
overall benefits and risks in patients with type 2 diabetes [6] [7]. 

Additional investigations are required to understand the complete scope of the 
possible uses of SGLT-2 inhibitors in various populations and disease conditions. 
The use of SGLT-2 inhibitors is restricted by the FDA to adult patients with type 
2 diabetes and is contraindicated in those with type 1 diabetes or severe renal im-
pairment. 

2. What Are SGLT-2 and SGLT-2 Inhibitors? 

Sodium-glucose cotransporters (SGLTs) are responsible for glucose transport in 
various tissues. SGLT-1 functions primarily in glucose uptake from the diet in the 
small intestine while SGLT-2 is responsible for glucose reabsorption in the kidney 
[8] [9]. SGLT-4 and SGLT-5 have unknown physiological functions related to glu-
cose transport [9]. Although SGLT-3 has been observed to transport several sub-
strates, such as glucose, fructose, and galactose, its physiological function remains 
unclear. 

The SLC5A2 gene, located on chromosome 16q23.3, encodes the sodium-glu-
cose cotransporter-2 (SGLT-2) protein. The primary physiological function of 
SGLT-2 is to facilitate glucose reabsorption from the renal tubules into the blood-
stream, thus regulating the levels of glucose in the blood [9]. SGLT-2 is found 
predominantly in the renal proximal tubules, where it facilitates the reabsorption 
of glucose from urine into the bloodstream. In people without diabetes, SGLT-2 
reabsorbs almost all the filtered glucose in the kidney; but in people with diabetes, 
glucose is affected, causing elevated glucose excretion in urine. SGLT-2 inhibitors 
inhibit SGLT-2 function, leading to the prevention of glucose reabsorption in the 
kidney, thus reducing blood glucose levels and improving glycemic control in in-
dividuals with diabetes [10]. 

Sodium-glucose cotransporter-2 inhibitors (SGLT-2) are a novel group of drugs 
that can ameliorate symptoms of type 2 diabetes mellitus (DM2). Their mecha-
nism of action involves inhibiting the reabsorption of glucose in the kidneys, re-
sulting in elevated excretion of glucose in the urine and a subsequent decrease in 
blood glucose levels. The discovery and development of SGLT-2 inhibitors is a 
relatively recent event in the history of diabetes treatment. In 1835, German chem-
ist Friedrich Wöhler discovered the first sugar transporter, which he named “Glu-
kosurie” (glucose carrier). 

More than a century later, in the 1960s, researchers discovered the existence of 
SGLT-2 in the kidney tubules of animals. However, it was not until the late 1990s 
and early 2000s that SGLT-2 inhibitors began to be developed as a treatment for 
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diabetes [11]. The first SGLT-2 inhibitor to be developed was phlorizin, a natural 
compound found in the bark of apple trees. It was discovered in the early 1800s, 
but its use as a diabetes treatment was limited due to its poor pharmacokinetics 
and side effects, such as gastrointestinal upset and hypotension [2]. In the early 
2000s, researchers began to develop synthetic SGLT-2 inhibitors that were more 
effective and better tolerated than phlorizin. Canagliflozin was the first SGLT-2 
inhibitor approved by the FDA in 2013, followed by dapagliflozin and empagli-
flozin. After the initial approval of canagliflozin, other SGLT-2 inhibitors such as 
ertugliflozin, ipragliflozin, and tofogliflozin have been developed and approved 
for the treatment of DM2 [12]. 

SGLT-2 inhibitors can be classified according to their chemical structure, 
mechanism of action, and pharmacokinetics. Chemically, they are all derivatives 
of phlorizin, with modifications to improve pharmacokinetic properties and re-
duce side effects. Mechanically, they all work by inhibiting the reabsorption of 
glucose in the kidneys, but may have different affinities for SGLT-2 versus SGLT-
1, which is another glucose transporter found in the small intestine [13]. Pharma-
cokinetically, SGLT-2 inhibitors differ in their half-lives, renal clearance, and po-
tential for drug-drug interactions. Some SGLT-2 inhibitors are metabolized by 
cytochrome P450 enzymes, which can be inhibited or induced by other drugs. For 
example, canagliflozin is metabolized by CYP3A4 and is contraindicated with 
strong inhibitors of CYP3A4, while dapagliflozin and empagliflozin are not me-
tabolized by CYP enzymes and have a lower potential for drug interactions [14]. 

Phlorizin First-generation SGLT-2 inhibitors: 
(a natural compound found in apple tree bark) 
Dapagliflozin (FDA approval in 2014) 
Canagliflozin (FDA approval in 2013) 
Second-generation SGLT-2 inhibitors: 
Empagliflozin (FDA approval in 2014) 
Ertugliflozin (approved by the FDA in 2017) 
Ipragliflozin (approved in Japan in 2014) 
Tofogliflozin (approved in Japan in 2014) 
Each SGLT-2 inhibitor has unique pharmacokinetic and pharmacodynamic 

properties, which may affect its clinical efficacy and safety. See Table 1 for more 
details on SGLT-2. 

3. Importance of Studying the Effects on Cardio and Renal  
Health 

Recent studies have shown that sodium-glucose cotransporter 2 (SGLT-2) inhib-
itors significantly improve cardiovascular and renal outcomes in patients with 
type 2 diabetes (T2D) as well as in patients without diabetes and acute or chronic 
heart failure [5]-[7] [20]-[22]. These inhibitors have been associated with a reduc-
tion in the risk of hospitalization for heart failure, major adverse cardiovascular 
events, and all-cause mortality [5]-[7] [20]-[22]. 
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Table 1. SGLT-2 Inhibitors. 

SGLT-2  
Inhibitors 

Half-Life Affinity Effects Adverse Effects 

Dapagliflozin 
[15] 

~12 hours 
High for SGLT-2, 
lower for SGLT-1 

Reduces HbA1c 
levels, body 
weight, and 
blood pressure 

Low risk of hypoglycemia, 
but may increase risk of 
genital and urinary tract 
infections 

Canagliflozin 
[7] [16] 

~13 hours 

Higher for 
SGLT-2 than for 
SGLT-1, may 
inhibit other 
transporters 

Reduces HbA1c 
levels, body 
weight, and 
blood pressure 

May increase the risk of 
genital and urinary tract 
infections, and lower limb 
amputations 

Empagliflozin 
[12] 

~12 hours 
High for SGLT-2, 
lower for SGLT-1 

Reduces HbA1c 
levels, body 
weight, and 
cardiovascular 
events 

Low risk of hypoglycemia, 
might reduce risk of heart 
failure, but could increase 
risk of genital and urinary 
tract infections 

Ertugliflozin 
[17] 

~15 hours 
High for SGLT-2, 
lower for SGLT-1 

Reduces HbA1c 
levels and body 
weight 

Low risk of hypoglycemia, 
but can increase risk of 
genital and urinary tract 
infections 

Ipragliflozin 
[18] 

~8 hours 
High for SGLT-2, 
lower for SGLT-1 

Reduces HbA1c 
levels, body 
weight, and 
blood pressure 

May increase the risk of 
genital and urinary tract 
infections, and may be 
associated with an increased 
risk of diabetic ketoacidosis 

Tofogliflozin 
[19] 

~60 hours 
High for SGLT-2, 
lower for SGLT-1 

Reduces HbA1c 
levels and body 
weight 

May increase the risk of 
genital and urinary tract 
infections, and may be 
associated with an increased 
risk of bone fractures 

 
SGLT-2 inhibitors have also shown improvements in hypertriglyceridemia, 

obesity, and blood pressure, and have shown promising outcomes in cardiovas-
cular diseases such as arrhythmias, ischemic heart disease, and heart failure [5]-
[7] [20]-[22]. However, it is important to note that SGLT-2 inhibitors may cause 
potential side effects, including acute kidney injuries, vulvovaginal candidiasis, 
and frequent urinary tract infections, so counseling patients about these potential 
side effects is crucial [5] [6] [20]. 

The magnitude of the observed cardiovascular benefits of SGLT-2 inhibitors 
suggests that these benefits may extend beyond glucose-lowering effects [6] [7] 
[20]-[22]. However, the potential mechanisms behind these cardiovascular bene-
fits are still being studied. Monitoring potential side effects is crucial, and further 
research is needed to determine the potential mechanisms behind the cardiovas-
cular benefits of SGLT-2 inhibitors. 

SGLT-2 inhibitors are a group of medications that have been shown to improve 
endothelial function and reduce arterial stiffness in patients with type 2 diabetes 
(DM2) through a combination of glucose-independent and glucose-dependent 
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mechanisms. A study by Wei et al. [23] reported that SGLT-2 inhibitors signifi-
cantly reduced arterial stiffness, measured by pulse wave velocity, and that this 
effect was associated with a reduction in oxidative stress. This reduction in oxida-
tive stress and inflammation is a possible glucose-independent mechanism by 
which SGLT-2 inhibitors improve endothelial function and reduce arterial stiff-
ness. SGLT-2 inhibitors have been shown to decrease reactive oxygen species 
(ROS) and pro-inflammatory cytokine levels, such as tumor necrosis factor-alpha 
(TNF-α) and interleukin-6 (IL-6), which are involved in the development of en-
dothelial dysfunction and arterial stiffness. Modulation of the renin-angiotensin-
aldosterone system (RAAS) is another potential glucose-independent mechanism 
by which SGLT-2 inhibitors improve endothelial function and reduce arterial 
stiffness. SGLT-2 inhibitors have been shown to decrease angiotensin II levels and 
increase angiotensin (1 - 7) levels, which leads to vasodilation and improved en-
dothelial function. Dysregulation of RAAS has been implicated in the develop-
ment of cardiovascular disease [24]. 

SGLT-2 inhibitors also have glucose-dependent mechanisms that can improve 
endothelial function and reduce arterial stiffness. By reducing hyperglycemia, 
SGLT-2 inhibitors decrease the formation of advanced glycation end products 
(AGEs), which can impair endothelial function and increase arterial stiffness. 
AGEs are formed when glucose reacts with proteins in the body, leading to the 
formation of cross-linked molecules that can cause damage to tissues and organs. 
AGEs have been implicated in the development of various complications of dia-
betes, including cardiovascular disease [24]. 

Furthermore, SGLT-2 inhibitors can increase nitric oxide (NO) bioavailability, 
which promotes vasodilation and improves endothelial function. Nitric oxide is a 
signaling compound that plays an important role in the regulation of vascular tone 
and endothelial function [24]. It has been proposed that the improved availability 
of NO could be attributed to a decrease in oxidative stress and inflammation, 
along with an improvement in mitochondrial function [25]. Overall, SGLT-2 in-
hibitors improve endothelial function and reduce arterial stiffness in patients with 
DM2 through various mechanisms. These mechanisms include the reduction of 
oxidative stress and inflammation, modulation of the RAAS system, reduction of 
AGE formation, and increased NO bioavailability. These effects of SGLT-2 inhib-
itors suggest that they may have significant long-term cardiovascular benefits be-
yond glucose-lowering effects in patients with DM2 [23] [24]. 

4. Background 

SGLT-2 inhibitors have been found to improve both renal and cardiovascular out-
comes in patients with type 2 diabetes. These drugs work by inhibiting sodium-
glucose cotransporter 2, which is responsible for glucose reabsorption in the kid-
neys. By blocking this transporter, SGLT-2 inhibitors increase glucose excretion 
in urine, leading to a reduction in blood glucose levels [26]. The beneficial effects 
of SGLT-2 inhibitors on cardiovascular outcomes have been demonstrated in 
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multiple clinical trials. One of the largest and most well-known trials is the EMPA-
REG OUTCOME trial, which investigated the cardiovascular effects of empagli-
flozin in high-risk patients with type 2 diabetes [12]. This trial found that empagli-
flozin significantly reduced the risk of cardiovascular mortality and hospitaliza-
tion for heart failure compared to a placebo.  

Other trials have investigated the effects of SGLT-2 inhibitors on specific sub-
groups of patients with cardiovascular disease. For example, the DAPA-HF trial 
found that dapagliflozin reduced the risk of hospitalization for heart failure and 
cardiovascular death in patients with heart failure and reduced ejection fraction 
[21]. The EMPEROR-Reduced trial investigated the effects of empagliflozin in pa-
tients with heart failure and a reduced ejection fraction and found that empagli-
flozin significantly reduced the risk of cardiovascular death and hospitalization 
for heart failure [5]. 

SGLT-2 inhibitors have also been found to improve kidney outcomes in pa-
tients with type 2 diabetes. The CREDENCE trial investigated the effects of canagli-
flozin on renal outcomes in patients with type 2 diabetes and chronic kidney dis-
ease and found that canagliflozin significantly reduced the risk of kidney failure 
and cardiovascular events [22]. In addition to their effects on cardiovascular and 
renal outcomes, SGLT-2 inhibitors have also been found to lead to weight loss and 
a reduction in body mass index (BMI). This is likely due to the reduction in blood 
glucose levels and the increased glucose excretion in urine [27]. In addition, SGLT-
2 inhibitors have been shown to improve renal outcomes. In the Canagliflozin 
Cardiovascular Assessment Study (CANVAS), canagliflozin was found to reduce 
the risk of renal outcomes, including renal failure and albuminuria, in patients 
with type 2 diabetes [7]. Another trial, the study Empagliflozin, Cardiovascular 
outcomes and Mortality in Type 2 Diabetes (EMPA-REG OUTCOME), demon-
strated that empagliflozin reduced the risk of incident or worsening nephropathy 
[12]. 

The mechanisms of action underlying the beneficial effects of SGLT-2 inhibi-
tors are still being investigated. A proposed mechanism involves the improvement 
in skeletal muscle bioenergetics [28]. SGLT-2 inhibitors have also been suggested 
to reduce inflammation and oxidative stress, leading to a reduction in cardiovas-
cular risk [29]. Despite promising results, there are some potential adverse effects 
associated with SGLT-2 inhibitors. These include an increased risk of urinary tract 
infections and genital mycotic infections. However, these adverse effects are gen-
erally mild and can be managed with proper monitoring and treatment [7]. 

Type 2 diabetes is a chronic disease that affects millions of people worldwide. 
The disease is characterized by high blood glucose levels resulting from the body’s 
inability to use insulin effectively. Although lifestyle modifications such as diet 
and exercise may be effective, they may be insufficient to reduce the risk of com-
plications in many patients with DM2, hence requiring medications. A class of 
medications used to treat type 2 diabetes is sodium-glucose cotransporter 2 
(SGLT-2) inhibitors [30]. This helps to lower blood glucose levels and reduce the 
risk of cardiovascular events [31]. Other medications used to treat type 2 diabetes 
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include metformin, sulfonylureas, meglitinides, thiazolidinediones, and dipep-
tidyl peptidase-4 (DPP-4) inhibitors. These medications work in different ways to 
help the body use insulin more effectively or reduce the amount of glucose pro-
duced by the liver. It is important to note that medications are not a cure for type 
2 diabetes and should be used in conjunction with lifestyle changes such as healthy 
eating and regular physical activity. Complications of type 2 diabetes include car-
diovascular disease, kidney disease, nerve damage, and blindness, among others. 
Therefore, it is important to work with a healthcare professional to manage type 
2 diabetes and reduce the risk of complications. 

5. Cardiovascular Effects of SGLT-2 Inhibitors 

In recent years, several clinical trials have demonstrated the beneficial effects of 
SGLT-2 inhibitors on cardiovascular outcomes. The EMPA-REG OUTCOME 
trial was one of the first clinical trials to demonstrate the cardiovascular benefits 
of SGLT-2 inhibitors. In this trial, empagliflozin was found to significantly reduce 
the risk of major adverse cardiovascular events (MACE), cardiovascular death, 
and hospitalization for heart failure compared to a placebo [12]. The CANVAS 
program also found that canagliflozin significantly reduced the risk of MACE, 
cardiovascular death, and hospitalization for heart failure compared to a placebo 
[7]. The DAPA-HF trial found that dapagliflozin effectively decreased the proba-
bility of cardiovascular death or deterioration of heart failure in patients with a 
reduced ejection fraction compared to the placebo [21]. The EMPEROR-Reduced 
trial demonstrated that empagliflozin could significantly reduce the risk of cardi-
ovascular death or hospitalization for heart failure [5]. See Table 2 for a summary 
of Clinical Trial Outcomes.  
 
Table 2. Clinical trial outcomes. 

Trial Drug Population Key Outcomes 

EMPA-REG  
OUTCOME 

Empagliflozin High-risk DM2 
Reduced cardiovascular 

mortality, hospitalization for 
heart failure 

CANVAS Canagliflozin High-risk DM2 

Reduced MACE, 
cardiovascular death, 

hospitalization for heart 
failure 

DAPA-HF Dapagliflozin Heart failure 
Reduced cardiovascular 

death, deterioration of heart 
failure 

EMPEROR-Reduced Empagliflozin Heart failure 
Reduced cardiovascular 

death, hospitalization for 
heart failure 

CREDENCE Canagliflozin 
Chronic kidney  

disease 
Reduced kidney failure, 
cardiovascular events 

 
The mechanisms underlying the cardiovascular benefits of SGLT-2 inhibitors 

are not yet fully understood but are thought to involve both hemodynamic and 
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metabolic effects. SGLT-2 inhibitors have been shown to reduce blood pressure, 
improve arterial stiffness, and decrease myocardial fibrosis. They also improve 
glycemic control, reduce body weight, and lower serum uric acid levels, which 
may also contribute to their cardiovascular benefits [32]. Therefore, the clinical 
trials discussed above demonstrate that SGLT-2 inhibitors significantly benefit 
cardiovascular outcomes and could be a treatment option for patients with type 2 
diabetes and/or heart failure. 

6. Potential Mechanisms of the Effects of SGLT-2 Inhibitors on  
Cardiovascular Outcomes 

One of the mechanisms behind these effects is the improvement in endothelial 
function. Endothelial dysfunction is a key feature of cardiovascular disease and is 
characterized by a reduction in the bioavailability of nitric oxide (NO), which 
plays an essential role in the regulation of vascular tone and the prevention of the 
development of atherosclerosis [33]. Several studies have demonstrated that 
SGLT-2 inhibitors can improve endothelial function by increasing NO produc-
tion and reducing oxidative stress. Empagliflozin was found to increase the levels 
of circulating endothelial progenitor cells, which are involved in the repair of 
damaged endothelium [34]. The activation of the AMP-activated protein kinase 
(AMPK) pathway, responsible for controlling energy metabolism and cell stress 
responses, mediates this effect [35]. 

Another mechanism underlying the cardiovascular benefits of SGLT-2 inhibi-
tors is the reduction in arterial stiffness. Arterial stiffness, which is characterized 
by reduced elasticity in the arterial walls, is a crucial determinant of cardiovascular 
risk, as it contributes to the pathogenesis of hypertension, myocardial infarction, 
and stroke [36]. SGLT-2 inhibitors can reduce arterial stiffness by reducing the 
accumulation of advanced glycation end products (AGEs). AGEs are known to 
crosslink collagen fibers and alter the mechanical properties of arterial walls. 
SGLT-2 inhibitors have been shown to reduce AGE levels by reducing hypergly-
cemia and ROS production [37]. 

In addition to improvements in endothelial function and arterial stiffness, 
SGLT-2 inhibitors have been found to reduce blood pressure, improve lipid pro-
files, and reduce inflammation, all of which are important contributors to cardio-
vascular disease [32]. These effects are likely mediated by a combination of direct 
and indirect mechanisms, including reductions in insulin resistance, reductions 
in sympathetic nervous system activity, and improvements in adipose tissue func-
tion. Furthermore, SGLT-2 inhibitors have been shown to reduce the occurrence 
of heart failure in patients with type 2 diabetes, likely due to a combination of their 
effects on cardiovascular risk factors and their direct effects on cardiac function 
[38]. 

SGLT-2 inhibitors have also been found to have anti-inflammatory effects, 
which may contribute to their cardioprotective effects. Chronic low-grade inflam-
mation is known to contribute to the development and progression of cardiovas-
cular disease, and SGLT-2 inhibitors have been shown to reduce inflammation 
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biomarkers such as C-reactive protein (CRP) and interleukin-6 (IL-6) [39]. SGLT-
2 inhibitors have been shown to improve cardiac contractility and reduce cardiac 
fibrosis in animal models of heart failure [40]. The exact mechanisms underlying 
the cardiovascular benefits of SGLT-2 inhibitors are not yet fully understood and 
require further investigation. However, the available evidence suggests that these 
drugs have a multifactorial effect on the cardiovascular system, with improve-
ments seen in endothelial function, arterial stiffness, and other cardiovascular risk 
factors. These findings have important implications for the prevention and treat-
ment of cardiovascular disease in patients with type 2 diabetes. 

7. Renal Effects of SGLT-2 Inhibitors 

SGLT-2 inhibitors have been shown to have significant renal benefits in patients 
with type 2 diabetes. These drugs act by inhibiting sodium-glucose cotransporter 
2 (SGLT-2) in the proximal tubules of the kidneys, leading to increased glucose 
excretion and improved glycemic control. One of the vital renal benefits of SGLT-
2 inhibitors is their ability to reduce albuminuria, which is a marker of kidney 
damage and a predictor of renal and cardiovascular outcomes in patients with 
diabetes. Several large randomized controlled trials have shown the effectiveness 
of SGLT-2 inhibitors in reducing albuminuria [32]. The EMPA-REG OUTCOME 
trial, which investigated empagliflozin, showed a 38% reduction in the risk of pro-
gression of albuminuria compared to a placebo [26]. The CANVAS trial, which 
investigated canagliflozin, showed a 27% reduction in albuminuria progression 
[22]. Similarly, the DECLARE-TIMI 58 trial, which investigated dapagliflozin, 
demonstrated a 24% reduction in albuminuria progression [6]. 

In addition to reducing albuminuria, SGLT-2 inhibitors have been shown to 
reduce the risk of renal events, such as the onset of end-stage renal disease or the 
need for renal replacement therapy, in patients with type 2 diabetes. In the EMPA-
REG OUTCOME trial, empagliflozin was found to lead to a 39% decrease in the 
risk of developing or deteriorating nephropathy compared to the placebo [26]. 
The CANVAS trial demonstrated a 40% reduction in the risk of renal replacement 
therapy [7], and the CREDENCE trial, which investigated canagliflozin, showed a 
34% reduction in the risk of end-stage renal disease or renal death [22]. 

8. Potential Mechanisms of SGLT-2 Inhibitors’  
Reno-Protective Effects 

The mechanisms underlying these effects are not fully understood, but recent re-
search has shed light on several potential mechanisms. One of the proposed mech-
anisms is the reduction of glomerular hyperfiltration. A study demonstrated that 
SGLT-2 inhibitors could reduce glomerular hyperfiltration in patients with type 2 
diabetes, which is commonly associated with the disease [24]. The study found 
that dapagliflozin treatment reduced the glomerular filtration rate (GFR) in pa-
tients with type 2 diabetes, suggesting a reduction in glomerular hyperfiltration. 
The authors suggested that this reduction could be due to increased tubuloglo-
merular feedback (TGF) and reduced intraglomerular pressure [41]. 
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Another potential mechanism underlying the renal benefits of SGLT-2 inhibi-
tors is the improvement of tubulointerstitial fibrosis. It showed that treatment 
with an SGLT-2 inhibitor reduced tubulointerstitial fibrosis in a mouse model of 
diabetic nephropathy. The authors suggested that this effect could be related to 
the reduction of oxidative stress and inflammation in renal tubular cells [6] [42]. 
In addition to these mechanisms, SGLT-2 inhibitors can also have direct effects 
on endothelial function of the renal vasculature. A study by Kong et al. [43] 
demonstrated that treatment with an SGLT-2 inhibitor improved endothelial 
function in patients with type 2 diabetes and renal impairment. The authors sug-
gested that this effect may be related to the reduction of oxidative stress and in-
flammation in the renal vasculature [6]. 

In addition, SGLT-2 inhibitors can have a reno-protective effect by reducing 
the risk of acute kidney injury (AKI) in patients with type 2 diabetes. A study 
evaluated the effects of dapagliflozin on AKI in patients with chronic heart failure 
and reduced ejection fraction, and the results showed that dapagliflozin reduced 
the incidence of AKI. The authors suggested that this renoprotective effect might 
be related to the reduction of volume overload and hemodynamic instability [44]. 

Furthermore, SGLT-2 inhibitors may have an impact on albuminuria, which is 
a marker of early kidney damage. A study by Heerspink et al. [45] evaluated the 
effects of canagliflozin on albuminuria in patients with type 2 diabetes and chronic 
kidney disease. The study found that canagliflozin reduced albuminuria and the 
risk of end-stage renal disease. The authors suggested that this effect might be due 
to reduction of intraglomerular pressure and improvement of tubular function. 
In general, the mechanisms underlying the renal benefits of SGLT-2 inhibitors are 
multifactorial and involve several processes, including the reduction of glomeru-
lar hyperfiltration, improvements in tubulointerstitial fibrosis, and improvements 
in endothelial function. These drugs also have renoprotective effects, such as re-
ducing the risk of AKI and improving albuminuria. SGLT-2 inhibitors may im-
prove glomerular hemodynamics by reducing intraglomerular pressure and hy-
perfiltration [46]. They may also reduce oxidative stress and inflammation, which 
are known to contribute to renal damage. Furthermore, SGLT-2 inhibitors may 
reduce intrarenal fat accumulation, which has been implicated in the development 
of renal dysfunction [10]. In general, the renal benefits of SGLT-2 inhibitors rep-
resent a significant advance in the management of type 2 diabetes and its associ-
ated complications. These findings suggest that SGLT-2 inhibitors could be con-
sidered first-line therapy for patients with type 2 diabetes at risk of renal disease. 

9. Liver Disease and SGLT-2 Inhibitors 

Nonalcoholic fatty liver disease (NAFLD) is a common comorbidity in patients 
with type 2 diabetes, and it is estimated that up to 70% of patients with type 2 
diabetes have NAFLD. NAFLD is characterized by the accumulation of fat in the 
liver, which can lead to inflammation and liver damage. It is a significant risk fac-
tor for the development of liver fibrosis, cirrhosis, and hepatocellular carcinoma. 
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SGLT-2 inhibitors have been shown to improve liver function and reduce liver 
fat content in patients with NAFLD. A study investigated the effect of dapagli-
flozin on liver fat content and liver enzymes in patients with type 2 diabetes and 
NAFLD. The study included 50 patients who were randomized to receive dapagli-
flozin 10 mg/day or a placebo for 24 weeks. The primary endpoint was the change 
in liver fat content, as assessed by magnetic resonance imaging. Secondary end-
points included changes in liver enzymes, insulin sensitivity, and body weight. 
The study found that dapagliflozin treatment resulted in a significant reduction 
in liver fat content compared to placebo, with a mean decrease of 20% - 30%. 
Dapagliflozin also led to significant improvements in liver enzymes, including al-
anine aminotransferase (ALT) and aspartate aminotransferase (AST). The reduc-
tion in liver fat content was associated with improvements in insulin sensitivity 
and body weight [47].  

Other studies have also shown the beneficial effects of SGLT-2 inhibitors on 
liver function. A study investigated the effect of canagliflozin on liver fat content 
and liver enzymes in patients with type 2 diabetes and NAFLD. The study in-
cluded 32 patients who were randomized to receive canagliflozin 100 mg/day or 
placebo for 12 weeks. The study found that treatment with canagliflozin led to a 
significant reduction in liver fat content and liver enzymes compared to a placebo 
[48]. The exact mechanism by which SGLT-2 inhibitors improve liver function in 
patients with NAFLD is not fully understood. It is believed that increased urinary 
glucose excretion leads to a reduction in hepatic glucose production, which may 
reduce fat accumulation in the liver. SGLT-2 inhibitors may also have anti-inflam-
matory effects, which could contribute to improvements in liver function [49]. 
SGLT-2 inhibitors have been shown to improve liver function and reduce liver fat 
content in patients with type 2 diabetes and NAFLD. These effects make SGLT-2 
inhibitors a promising option for the management of NAFLD and its associated 
complications. 

10. Liver Disease and SGLT-2 Inhibitors 

Nonalcoholic fatty liver disease (NAFLD) is a common comorbidity in patients 
with type 2 diabetes, and it is estimated that up to 70% of patients with type 2 
diabetes have NAFLD. NAFLD is characterized by the accumulation of fat in the 
liver, which can lead to inflammation and liver damage. It is a significant risk fac-
tor for the development of liver fibrosis, cirrhosis, and hepatocellular carcinoma. 

SGLT-2 inhibitors have been shown to improve liver function and reduce liver 
fat content in patients with NAFLD. A study investigated the effect of dapagli-
flozin on liver fat content and liver enzymes in patients with type 2 diabetes and 
NAFLD. The study included 50 patients who were randomized to receive dapagli-
flozin 10 mg/day or a placebo for 24 weeks. The primary endpoint was the change 
in liver fat content, as assessed by magnetic resonance imaging. Secondary end-
points included changes in liver enzymes, insulin sensitivity, and body weight. 
The study found that dapagliflozin treatment resulted in a significant reduction 
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in liver fat content compared to placebo, with a mean decrease of 20% - 30%. 
Dapagliflozin also led to significant improvements in liver enzymes, including al-
anine aminotransferase (ALT) and aspartate aminotransferase (AST). The reduc-
tion in liver fat content was associated with improvements in insulin sensitivity 
and body weight (Fioretto et al., 2018). Other studies have also shown the benefi-
cial effects of SGLT-2 inhibitors on liver function. A study investigated the effect 
of canagliflozin on liver fat content and liver enzymes in patients with type 2 dia-
betes and NAFLD. The study included 32 patients who were randomized to re-
ceive canagliflozin 100 mg/day or placebo for 12 weeks. The study found that 
treatment with canagliflozin led to a significant reduction in liver fat content and 
liver enzymes compared to a placebo [48]. The exact mechanism by which SGLT-
2 inhibitors improve liver function in patients with NAFLD is not fully under-
stood. It is believed that increased urinary glucose excretion leads to a reduction 
in hepatic glucose production, which may reduce fat accumulation in the liver. 
SGLT-2 inhibitors may also have anti-inflammatory effects, which could contrib-
ute to improvements in liver function [49]. 

SGLT-2 inhibitors have been shown to improve liver function and reduce liver 
fat content in patients with type 2 diabetes and NAFLD. These effects make SGLT-
2 inhibitors a promising option for the management of NAFLD and its associated 
complications. 

11. Future Applications 

SGLT-2 inhibitors are effective in the treatment of type 2 diabetes by improving 
glucose control and reducing the risk of cardiovascular and renal events. However, 
ongoing research suggests that these drugs may have potential applications be-
yond diabetes treatment. One area of research is the possible use of SGLT-2 in-
hibitors in the treatment of heart failure. Heart failure is a medical condition in 
which the heart is unable to effectively pump enough blood to meet the demands 
of the body. SGLT-2 inhibitors have been shown to improve heart failure out-
comes in patients with and without diabetes in clinical trials. These benefits may 
be due to the diuretic effect of SGLT-2 inhibitors, which reduces fluid build-up in 
the body, improves glucose control, and reduces inflammation [5] [21]. 

Sotagliflozin is a type of drug known as a dual inhibitor of SGLT-1 and SGLT-
2. It works by blocking the function of two proteins, SGLT-1 and SGLT-2, which 
are involved in glucose absorption in the intestines and kidneys, respectively. In-
hibition of these proteins by sotagliflozin results in a decrease in glucose absorp-
tion into the bloodstream, ultimately leading to reduced blood glucose levels. An 
advantage of sotagliflozin over SGLT-2 inhibitors is that it also blocks SGLT-1, 
which is responsible for glucose absorption in the intestines. By blocking this pro-
tein, sotagliflozin reduces glucose absorbed from food, leading to additional glu-
cose-lowering effects. In clinical trials, sotagliflozin is more effective than SGLT-
2 inhibitors alone in improving blood glucose control in patients with type 1 dia-
betes. Although SGLT-2 inhibitors are primarily used in the treatment of type 2 

https://doi.org/10.4236/pp.2024.1512027


R. Patel, T. Oroszi 
 

 

DOI: 10.4236/pp.2024.1512027 502 Pharmacology & Pharmacy 
 

diabetes, sotagliflozin is also effective in improving glucose control in patients 
with type 1 diabetes [50].  

12. Conclusions 

Sodium-glucose cotransporter 2 inhibitors (SGLT-2) are a relatively new class of 
medication used to treat type 2 diabetes mellitus (T2DM). These drugs block glu-
cose reabsorption in the kidneys, thus increasing glucose excretion and lowering 
blood glucose levels. Over the past few years, evidence has indicated that SGLT-2 
inhibitors could potentially benefit cardiovascular and renal outcomes among 
people with type 2 diabetes mellitus. 

Several clinical trials have studied how SGLT-2 inhibitors impact cardiovascu-
lar outcomes in people with type 2 diabetes mellitus. For example, the EMPA-
REG OUTCOME trial found that empagliflozin (an SGLT-2 inhibitor) reduced 
the risk of cardiovascular death, non-fatal myocardial infarction, and non-fatal 
stroke by 14% compared to placebo in patients with DM2 and established cardio-
vascular disease [12]. Similarly, the CANVAS program found that canagliflozin 
(another SGLT-2 inhibitor) reduced the risk of major adverse cardiovascular 
events (MACE) by 14% compared to placebo in patients with DM2 and high car-
diovascular risk [7]. 

In addition to these cardiovascular benefits, SGLT-2 inhibitors have also been 
shown to have renal protective effects in patients with DM2. For example, the 
CREDENCE trial found that canagliflozin reduced the risk of end-stage kidney 
disease, doubled serum creatinine, and renal or cardiovascular death by 30% com-
pared to placebo in patients with DM2 and chronic kidney disease [22]. Similarly, 
the EMPA-REG OUTCOME trial found that empagliflozin reduced the risk of 
incident or worsening nephropathy by 39% compared to placebo in patients with 
DM2 and established cardiovascular disease [26]. 

A potential mechanism by which SGLT-2 inhibitors exert their cardiovascular 
and renal protective effects is through their ability to lower blood pressure. Studies 
have shown that SGLT-2 inhibitors can reduce systolic and diastolic blood pres-
sure by 3 - 5 mmHg, and this effect is seen even in patients with normal blood 
pressure at baseline [51]. In addition to their blood pressure-lowering effects, 
SGLT-2 inhibitors can also have direct cardioprotective and renoprotective effects 
through a variety of mechanisms, including reduction of oxidative stress, inflam-
mation, and fibrosis, and improvement of endothelial function [10] [32] [51] [52]. 

Another potential mechanism by which SGLT-2 inhibitors may exert their ben-
eficial effects is through their ability to promote weight loss. Studies have shown 
that SGLT-2 inhibitors can significantly reduce body weight, with empagliflozin 
and canagliflozin leading to mean weight losses of 2.5 - 3.5 kg and 2.5 - 4.5 kg, 
respectively, over 26 - 104 weeks. This weight loss may have additional cardiovas-
cular and metabolic benefits, including improved insulin sensitivity, reduced vis-
ceral adiposity, and improved lipid profiles [12] [53] [54]. 

In conclusion, SGLT-2 inhibitors have emerged as a promising class of drugs 
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for the treatment of T2DM, with growing evidence suggesting that they may have 
beneficial effects on cardiovascular and renal outcomes. These effects may be me-
diated through a variety of mechanisms, including reduction in blood pressure, 
weight loss, and direct cardioprotective and renoprotective effects. Ongoing re-
search is needed to elucidate further the mechanisms underlying these effects and 
to identify which patients may benefit the most from SGLT-2 inhibitor therapy. 
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