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Abstract: The cardiovascular effects of sodium glucose co-transport 2 (SGLT2) inhibitors
have been demonstrated to be quite helpful in recent clinical trials. Both diabetics and non-
diabetics, as well as those with and without chronic heart failure, have a lower risk of
cardiovascular death and hospitalization due to heart failure. It is not quite apparent what
mechanism(s) are responsible for these positive outcomes. The cardioprotective effects of
SGLT2 inhibition have been hypothesized to be due to a number of processes, including but
not limited to the following: reduction of inflammation, improvement of cardiac energy
metabolism, reduction of blood pressure, erythropoiesis, prevention of adverse cardiac
remodeling, prevention of ischemia/reperfusion injury, inhibition of the Na+/H+-exchanger,
inhibition of SGLT1, reduction in hyperuricemia, increase in autophagy and lysosomal
degradation, decrease in epicardial fat mass, increase in erythropoietin levels, increase in
circulating pro-vascular progenitor cells, decrease in oxidative stress, and improve vascular
function. In an attempt to consolidate and rank the mechanisms in relation to clinical event

reduction, we examine the benefits and drawbacks of these suggested processes.
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Introduction.

Sodium glucose co-transport 2 (SGLT2) inhibitors have had impressively positive effects on cardiovascular
outcomes in recent clinical trials. This includes a decrease in the occurrence of cardiovascular deaths and
hospitalizations due to heart failure in both diabetics and non-diabetics, as well as in individuals with and
without prevalent heart failure. It is yet unclear what mechanism, if any, is responsible for these positive
outcomes. The cardioprotective effects of SGLT2 inhibition have been hypothesized to be due to a number of
processes, including but not limited to the following: reduction of inflammation, improvement of cardiac energy
metabolism, reduction of blood pressure, erythropoiesis, prevention of adverse cardiac remodeling, prevention
of ischemia/reperfusion injury, inhibition of the Na+/H+-exchanger, inhibition of SGLT1, reduction in
hyperuricemia, increase in autophagy and lysosomal degradation, decrease in epicardial fat mass, increase in
erythropoietin levels, increase in circulating pro-vascular progenitor cells, decrease in oxidative stress, and
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improve vascular function. This review aims to summarize and prioritize the postulated mechanisms in
relation to clinical event reduction by analyzing their strengths and shortcomings.

Heart failure is one of the leading causes of death globally, affecting more than 50 million people (1). The
prognosis and quality of life for those diagnosed with heart failure remain dismal, even if there have been
advancements in the treatment of this condition. When it comes to the elderly, it is still the leading cause of
hospitalization (1). Heart failure is the leading cause of death and morbidity in patients with type 2 diabetes
mellitus (T2DM) and is more likely to occur in these patients (2, 3, 4). Therefore, new treatments and methods
to prevent and cure heart failure must be developed immediately.

To alleviate hyperglycemia caused by type 2 diabetes, several drugs have been developed that block the sodium
glucose co-transporter 2 (SGLT2) enzyme, which is responsible for reabsorbing glucose in the kidney's
proximal tubule (5). The safety and effectiveness of SGLT2 inhibitors have been studied in numerous large-
scale clinical trials in patients with diabetes (including those with vascular disease, multiple risk factors for
cardiovascular disease, or renal insufficiency) and in patients with heart failure (including those with reduced
ejection fraction) and type 2 diabetes (6, 7, 8,9, 10, 11, 12, 13). Significant reductions in major cardiovascular
and renal outcomes were observed in type 2 diabetes mellitus patients at high risk of cardiovascular disease in
the EMPA-REG OUTCOME trial, which removed excess glucose from patients' blood. Patients treated with
empagliflozin had a significantly lower risk of cardiovascular death and heart failure-related hospitalizations.
These findings were confirmed in a larger group of patients undergoing primary and secondary prevention in
subsequent large trials involving other SGLTZ inhibitors, such as canagliflozin (CANVAS [Canagliflozin
Cardiovascular Assessment Study] [9] and CREDENCE [Canagliflozin and Renal Outcomes in Type 2 Diabetes
and Nephropathy] trials [10]) and dapagliflozin (DECLARE-TIMI 58 [Dapagliflozin and Cardiovascular
Outcomes in Type 2 Diabetes] trial [11]; for discussions of these trials, see Zelniker et al. [12] and Verma et al.
[13].

Despite the strong evidence that SGLT2 inhibitors can prevent incident heart failure from the trials discussed
above, two crucial problems were left unresolved. [s there any evidence that these treatments help those who
do not have type 2 diabetes, and can they also be used to treat the common form of heart failure? Notably, in
this context, the recently concluded DAPA-HF (Dapagliflozin and Prevention of Adverse Outcomes in Heart
Failure) trial showed a significant decrease in worsening heart failure or cardiovascular death in addition to
excellent standard-of-care therapy for heart failure (6). The trial included 4,744 patients with heart failure and
reduced ejection fraction. And it was true across the board for Alcs measured categorically or continuously;
furthermore, this effect was comparable in people with and without type 2 diabetes.

Possible Processes Why Is SGLT2 Inhibition Beneficial for Heart Health?

Several hypotheses have been advanced to account for the positive effects of SGLT2 inhibitors (14, 15, 16, 17,
18). Inhibiting SGLT2 has positive impacts on the following, among others: 1) reducing blood pressure; 2)
increasing diuresis/natriuresis; 3) improving cardiac energy metabolism; 4) preventing inflammation; 5)
weightloss; 6) improving glucose control; 7) inhibiting the sympathetic nervous system; 8) preventing adverse
cardiac remodeling; 9) preventing ischemia/reperfusion injury; 10) inhibiting the cardiac Na+/H+ exchanger;
11) inhibiting SGLT1; 12) reducing hyperuricemia; 13) increasing autophagy and lysosomal degradation; 14)
decreasing epicardial fat mass; 15) increasing erythropoietin (EPO) levels; 16) increasing circulating
provascular progenitor cells; 17) decreasing oxidative stress; and 18) improving vascular function (Figure 1).
What follows is a synopsis of these hypothesized mechanisms, followed by an analysis of the clinical data to
determine which one (or ones) are most crucial
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Figure 1 : Possible Mechanisms by Which SGLTZ2 Inhibitors Decrease the Severity of Heart Failure

Improved cardiac energetics with SGLT2 inhibition. NLRP3 = nucleotide-binding oligomerization domain,
leucine-rich repeat, and pyrin domain-containing 3; SGLT2 = sodium glucose co-transporter 2.

Blood pressure lowering

One common and manageable risk factor for heart failure is hypertension. One possible explanation for the
positive benefits of SGLT2 inhibitors in the context of heart failure is that they reduce blood pressure (19). This,
in turn, improves cardiac energetics by lowering blood pressure. Inhibiting salt reabsorption in the kidney's
proximal tubules is believed to be the underlying mechanism(s) responsible for the antihypertensive effects of
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SGLT2 inhibitors, which are likely to be mediated by the osmotic and diuresis actions of these drugs. The
amount of sodium excreted in the urine might rise by 30-60% when SGLT?2 is inhibited (20). Inhibiting SGLT2
in conjunction with £3-blockers or calcium antagonists had a stronger antihypertensive impact than thiazide
diuretics alone (21,22). Improved ventricular arterial coupling and cardiac efficiency may follow from SGLT2
inhibitor-induced hypotension, which in turn reduces cardiac afterload. The dying heart is likely to gain from
this. Nevertheless, the positive effects on the kidneys and cardiovascular system are likely due to more than
just the slight reduction in blood pressure caused by SGLT2 inhibition. There was also no evidence that
reducing blood pressure had a bigger impact on stroke rates than other cardiovascular outcomes in the EMPA-
REG OUTCOME trial (8). Lastly, the DAPA-HF trial had small blood pressure decreases that were probably
unrelated to the big drop in failure occurrences (6).

Glucosuria and increased natriuresis are side effects of SGLT2 inhibitors, which may improve heart failure
outcomes due to the increased osmotic diuresis. Indeed, the EMPA-REG OUTCOME trial's mediation analysis
indicated that hemoconcentration, which is thought to be a result of volume contraction, was responsible for
approximately half of the cardiovascular benefit that was observed (8). Since other diuretic techniques have
not been linked to an improved event reduction in heart failure trials, it is challenging to explain the benefits of
SGLT2 inhibitors solely based on diuresis. There is considerable speculation that SGLT2 inhibitors are different
from traditional diuretics. For instance, when tested side-by-side with hydrochlorothiazide and dapagliflozin,
researchers found that the former reduced plasma volume and increased erythrocyte mass, but the latter did
not (23). There was a greater decrease in interstitial vs intravascular volume with dapagliflozin than with
bumetanide, aloop diuretic (24). Theoretically, conventional diuretics cause a reflex neurohumoral stimulation
in response to a decrease in intravascular volume; however, SGLT2 inhibition may have a distinct impact on
controlling interstitial fluid (as opposed to intravascular volume).

Enhanced metabolic rate of cardiac energy

The failing heart undergoes profound alterations in its energy metabolism. Glycolysis takes over as the primary
energy source for the heartin advanced heart failure, and mitochondrial oxidative metabolism steadily declines
(25). A failing heart has less energy output and is fuel-starved because mitochondrial glucose oxidation drops
(26, 27, 28). Cardiac efficiency (cardiac work/02 consumed) decreases as a result of increased proton
generation due to the uncoupling of glycolysis and glucose oxidation in a failing heart (25, 26, 27, 28). Patients
with heart failure and preserved ejection fraction with left ventricular (LV) hypertrophy also experience a drop
in LV mechanical efficiency (30), which leads to a decrease in cardiac efficiency. This is not limited to patients
with heart failure and reduced ejection fraction, though.

Some research suggests that SGLT2 inhibitors may help heart failure patients by increasing cardiac efficiency
and enhancing cardiac energetics. By releasing fatty acids from adipose tissue, SGLT2 inhibitors raise blood
ketone levels, which the liver uses for ketogenesis (31, 32, 33). Even in the absence of diabetes, circulating
ketone levels can increase following therapy with SGLT2 inhibitors (33). Some have speculated that these
ketones, as a "thrifty" fuel for the heart, might enhance cardiac energetics and efficiency (34,35). Ketones
provide an extra fuel source for a failing heart, but our research shows that they aren't a more efficient fuel
source overall (36,37). The failure of the heart's mitochondria to carry out oxidative metabolism causes it to be
"energy starved" (25,29). The failing heart improves its energy supply by increasing cardiac ketone oxidation
rates, which is thought to be an adaptive metabolic process (37, 38, 39, 40). This is achieved through an
increase in plasma ketone levels in the blood, which is caused by SGLT2 inhibition (41). Empagliflozin improves
cardiac function in diabetic cardiomyopathic rats by increasing myocardial ketone oxidation, which provides
an extra fuel supply for the heart (Figure 2) (41). Santos-Gallego et al. (42) provided evidence that empagliflozin
can improve cardiac energetics and reduce unfavorable remodeling and heart failure in a pig model of the
disease. Additionally, SGLT2 inhibitors have been demonstrated to enhance mitochondrial respiratory
performance in diabetic rats (43), which could potentially lead to better energy production in the heart.
Positive adjustments in the heart's energy supply may influence some of these mitochondrial respiration
changes. A better contractile performance has also been linked to the administration of ketones into heart
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failure patients (44). Curiously, there is no correlation between the enhancement of contractile function
brought about by ketone use and an improvement in cardiac efficiency. Since oxidizing ketones does not
provide more energy than oxidizing glucose, this makes sense. Consequently, it is unclear whether the
favorable benefits of SGLT2 inhibition in heart failure are due to providing the failing heart with more fuel or
to providing a more efficient source of fuel. Furthermore, there is no correlation between the decline in glucose
and fatty acid oxidation and the rise in cardiac ketone oxidation in a failing heart, leading to an increase in
adenosine triphosphate generation overall (37,41). Thus, although SGLT2 inhibitors might not improve cardiac
efficiency in a failing heart, they could provide an additional fuel source, which could be especially helpful for
a failing heart that is already struggling with energy.
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Figure 2: SGLT2 Inhibition Increases Cardiac Energy Production

SGLT2 inhibitors can increase cardiac energy metabolism. Reproduced with permission from Verma et al. (41).
ATP = adenosine triphosphate; SGLT2 = sodium glucose co-transporter 2.

Reduction in inflammation

Patients with heart failure have higher levels of proinflammatory biomarkers, which correlate with the severity
of the disease (45,46), suggesting that inflammation is a significant factor in the severity of heart failure. Both
individuals with reduced and retained ejection fraction show this connection between inflammatory indicators
and heart failure (47). Inflammatory cytokines have multiple effects, including malfunction of endothelial cells,
increased fibrosis, and increased turnover of the extracellular matrix.There is evidence that the SGLT2
inhibitors dapagliflozin (50), empagliflozin (48), and canagliflozin (49) can reduce or improve the
inflammatory profile in diabetic patients. Molecular processes associated with inflammation, including fibrosis
and extracellular matrix turnover, may be attenuated as a result of SGLT2 inhibitors' diminished anti-
inflammatory effects (51).This is corroborated by the fact that dapagliflozin inhibits collagen formation, leading
to strong antifibrotic effects in the hearts of rats after myocardial infarct (51). Additionally, empagliflozin
considerably reduces the remodeling of the extracellular matrix collagen that is mediated by cells (52).
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It is unclear how SGLT2 inhibitors affect inflammation. Since macrophages preferentially use glucose from
glycolysis as an energy source, lowering glucose levels with SGLT2 inhibitors may diminish the inflammatory
response of macrophages 52. Instead of focusing on reducing glucose levels, SGLT2 inhibitors may go after the
inflammatory pathways directly. One crucial element in the process of inflammation is the nucleotide-binding
oligomerization domain, leucine-rich repeat, and pyrin domain-containing 3 [NLRP3] inflammasome. The
severity of heart failure is worsened by chronic inflammation, which is in turn brought about by the NLRP3
inflammasome (54). There is new evidence that empagliflozin can block the NLRP3 inflammasome, and this
can happen even without glucose lowering, in several organs including the kidneys, liver, macrophages,
vasculature, and heart (55, 56, 58, 59, 60). The exact nature of the relationship between SGLT2 inhibitors and
NLRP3 remains unclear. The f3-hydroxybutyrate ketone effectively inhibits the inflammatory process that is
mediated by the NLRP3 inflammasome (61). Some of the good benefits of SLT2 inhibition may be due to ketone
suppression of the NLRP3 inflammasome, since SGLT2 inhibitors raise levels of -hydroxybutyrate in the
blood.

Dropping pounds

Calorie loss occurs as a result of glucose excretion by the kidneys after SGLT2 inhibitor medication. The
mobilization of fatty acids from adipose tissue storage leads to a subsequent drop in body weight. The use of
SGLT2 inhibitors has been associated with a steady decrease in patient body weight in clinical trials (62).
Weight loss programs have been considerably less successful in reducing the severity of heart failure compared
with SGLT2 inhibition, so it is unlikely that this is a major mechanism of the observed benefit to heart failure,
although it may contribute to the beneficial effects of SGLT2 inhibition. Other mechanisms must also be at work.
As an example, the DAPA-HF experiment found a little numerical weight loss, but the magnitude of this loss
seemed to be higher in the diabetic group (63). In addition, counter-regulatory mechanisms (such as increased
energy intake) are triggered to try to maintain weight, therefore the effects of SGLT2 inhibition on weight loss
are moderate and decline with time (64).

Glycemic management made easier

While SGLT2 inhibitors do a good job of decreasing blood sugar, it's highly improbable that this is the primary
mechanism by which they alleviate heart failure. The presence of hyperglycemia is associated with a lower risk
of cardiovascular disease (65). Furthermore, it is challenging to reconcile the fast efficacy observed (within
days of treatment commencement) with an impact that lowers glucose levels. In addition, post hoc analyses
from trials indicated that baseline Alc or changes in Alc were not associated with any treatment modification
with SGLT2 inhibitors (65), and the differences in glycemic control were small in the cardiovascular outcome
trials (an attempt to fulfill the trials' glycemic equipoise principle). Final evidence for this idea came from the
DAPA-HF study, which found that dapagliflozin was just as effective in those with diabetes as it was in people
without the disease. Efficacy was comparable in those with pre-diabetes or poor glucose tolerance compared
to those who were truly euglycemic, even in the absence of diabetes. The effectiveness of dapagliflozin in
reducing heart failure and mortality in DAPA-HF was unrelated to baseline Alc when investigated continuously
using fractional polynomial analysis. Moreover, SGLT2 inhibition has been shown to be beneficial in heart
failure models in experimental settings, and this effect has been shown even in the absence of diabetes or
hyperglycemia (60,66,67).

Restriction of the SNS

One possible indirect association between SGLT2 inhibitors and reduced sympathetic nervous system (SNS)
activity is the fact that these drugs lower blood pressure without raising heart rate. Evidence is mounting that
SGLT2 inhibition may decrease sympathetic nerve activity, brown adipose tissue norepinephrine turnover, and
tyrosine hydroxylase synthesis (68, 69, 70, 71, 72). Animal models of diabetes and obesity (in the absence of
diabetes) seem to share these sympathoinhibitory effects (68, 69, 70, 71, 72). Another possible explanation for
the observed decrease in SNS activity after SGLT2 inhibition is a decrease in renal stress, which in turn inhibits
renal afferent sympathetic activation (73).

Averting Unfavorable Heart Remodeling
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One major factor that increases the severity of heart failure is adverse cardiac remodeling. Cardiomyocyte cell
loss, inflammation, fibrosis, and hypertrophy are all part of this process. The favorable effects of SGLT2
inhibition on cardiac remodeling have been documented in multiple experimental and human studies
(23,67,74, 75, 76, 77). Empagliflozin or placebo was given to patients with type 2 diabetes and a past history of
coronary artery disease for a duration of 6 months in a randomized trial (76). The main result, which was the
change in left ventricular mass index as measured by cardiac magnetic resonance imaging, was considerably
lower in the empagliflozin group compared to the placebo group. These results do not explain how SGLT2
inhibitors work, but they do show that even brief exposure can cause cardiac reverse remodeling. Possible
involvement of SGLT2 suppression of the mammalian target of rapamycin pathway, a key mechanism in cardiac
hypertrophy (76). The anti-inflammatory effects of SGLT2 inhibition may play a role in the association between
a reduction in fibrosis and the prevention of unfavorable remodeling with SGLT2 inhibition (52,78). For more
information on this, refer to the section on reduction in inflammation. Therefore, SGLT2 inhibition has the
potential to reduce left ventricular wall stress and improve cardiac function by reversing the cardiac
remodeling observed in heart failure.

Reducing the risk of ischemia and reperfusion damage

Heart failure and cell death in cardiomyocytes can be accelerated by ischaemia/reperfusion damage. There is
new evidence from experiments that shows inhibiting SGLT2 protects the heart against ischemia/reperfusion
injury in rats, regardless of whether they have diabetes or not (79). Reducing calmodulin kinase II activity,
which in turn improves sarcoplasmic reticulum Ca2+ flow and increases contractility, is related with the
positive effect of SGLT2 inhibition on ischemia/reperfusion injury. It is not yet known, however, if this impact
manifests in people.

The blocking of the cardiac sodium/potassium exchanger

According to Wakabayashi et al. [80], an increase in the Na+/H+ exchanger in a failing heart might cause an
overflow of Na+ and Ca2+ in the heart. Multiple animal models of heart failure have shown that blocking the
Na+/H+ exchanger protects the heart (for a review, see Wakabayashi et al. [80]). One possible explanation for
the favorable benefits of SGLT2 inhibitors in heart failure is that they block the Na+/H+ exchanger (81, 82, 83,
84, 85). Inhibitors of SGLT2 can reduce myocardial Na+ levels by blocking the cardiac Na+/H+ exchanger (81).
The question of whether SGLT2 inhibitor doses that are clinically relevant directly affect the cardiac Na+/H+
exchanger remains unanswered. Furthermore, there is little evidence that developing inhibitors of Na+/H+
exchangers would be helpful in the clinical context of heart failure (85).To what extent the favorable effects of
SGLT2 inhibition in the context of heart failure are due to direct inhibition of the cardiac Na+/H+ exchanger
remains unclear.

Downregulating SGLT1

Even though SGLT2 is not expressed in the heart, SGLT1 is. Inhibiting SGLT1 in the heart may reduce glucose
and Na+ absorption by the myocardium and the production of reactive oxygen species (ROS) caused by
hyperglycemia (86). Although canagliflozin and other SGLTZ2 inhibitors slow SGLT1, the plasma concentrations
required to block SGLT1 are far higher than those observed in clinical settings. Furthermore, rat studies have
shown that simultaneous SGLT2 and SGLT1 inhibitors worsen cardiac dysfunction following myocardial
infarction (87). Therefore, it is highly improbable that any secondary effect on SGLT1 inhibition could account
for the favorable benefits of SGLT2 inhibitors.

Lowered uric acid levels

Reducing plasma uric acid, an unfavorable effect of SGLT2 inhibitors on heart failure prognosis (88). Uric acid
levels have been found to decrease slightly when treated with SGLT2 inhibitors (89).0ne possible explanation
is that inhibiting SGLT2 increases uric acid production, leading to increased glycosuria in the proximal tubules
(90). However, it is still unclear if a decrease in hyperuricemia caused by SGLT2 inhibition is merely a marker
or if it has a causal effect.

Degradation of lysosomes and autophagy
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Hypoglycemia and heart failure can impede cardiac autophagy and lysosomal degradation (77,91). As a result
of persistent glycosuria, SGLT2 inhibition may enhance mitochondrial shape and function by boosting catabolic
rates, which in turn stimulate autophagy and lysosomal degradation (77). The accelerated destruction of
defective organelles may be caused by an SGLT2-mediated suppression of the mammalian target of rapamycin,
which may also stimulate autophagy and lysosomal degradation. Thus, it is not completely out of the question
that SGLT2 inhibition's beneficial effects on heart failure may be due in part to their ability to stimulate
autophagy.

Minimizing the amount of fat surrounding the heart

An elevated risk of cardiovascular events is linked to high computed tomography attenuation of epicardial
adipose tissue (92). A variety of bioactive chemicals can be produced by epicardial adipose tissue, and these
compounds can have detrimental effects on cardiac function and even lead to coronary artery disease. Further,
SGLT2 inhibitors lessen inflammation and peri-vascular adipose tissue accumulation, which in turn reduces
leptin release and the paracrine activities it promotes on the heart, which in turn promotes fibrosis (84).
Inhibition of SGLT2 decreases the bulk of epicardial adipose tissue and levels of bioactive molecules such tumor
necrosis factor-a and plasminogen activator inhibitor-1 in diabetic individuals with coronary artery disease
(93). A lessening of the unfavorable remodeling of the failing heart may result from this.

Raising EPO concentrations

It has been proposed that SGLT2 inhibitors may stimulate erythropoiesis via higher EPO production by the
kidney (95), since they elevate the hematocrit (94) even in individuals without diabetes (as demonstrated in
DAPA-HF). Raising EPO levels in this way may improve oxygen transport to cardiac tissue while also having
beneficial effects on inflammation, angiogenesis, cell proliferation, and mitochondrial function (95). In a recent
randomized clinical trial called EMPA-Heart CardioLink-6, Mazer et al. (95) found that after one month of
empagliflozin treatment, EPO levels increased significantly in patients with type 2 diabetes and coronary artery
disease. This was accompanied by an increase in hematocrit, a decrease in ferritin, and an increase in red blood
cell hemoglobin concentration It is unclear whether EPO levels rise in those who do not have type 2 diabetes.
Raising Numbers of Provascular Progenitor Cells in the Blood

Human preliminary data suggests that SGLT2 inhibitors may help type 2 diabetics restore their provascular
progenitor cells. The number of proinflammatory M1 cells was found to decrease and the number of M2
polarized, anti-inflammatory cells to increase in one study that used empagliflozin (Hess et al.,, 96). Through
the utilization of the Aldeflour assay (STEMCELL Technologies, Cambridge, Massachusetts), the researchers
discovered that SGLT2 inhibition led to a decrease in systemic granulocyte burden in type 2 diabetics, an
increase in circulating ALDHhiSSCmid monocytes, and a change from M1 to M2 polarization. These findings are
in line with the maturation of collateral vessels during arteriogenesis. The researchers came to the conclusion
that blocking SGLT2 might be an effective way to help circulating provascular cells recover in type 2 diabetes.
How often this happens in the general population is uncertain.

Reducing the effects of free radicals

Zhou and Tian [97] reviewed the literature on the topic and found that excessive production of reactive oxygen
species (ROS) by cardiac mitochondria is a key factor in contractile dysfunction observed in both animal models
of heart failure and human patients with heart failure. Mitochondrial dysfunction can occur as a result of
elevated oxidative stress during the progression of heart failure. Adenosine triphosphate synthesis and
enhanced electron transport chain activity may be the mechanisms responsible for this rise in reactive oxygen
species (ROS) generation. Reducing myocardial ROS generation and cardiac fibrosis can be achieved in diabetic
mice by enhancing glycemic control by SGLT2 inhibition (97). Additionally, SGLT2 inhibition can reduce ROS
production in human coronary artery endothelial cells (98). Exactly how SGLT2 inhibition reduces ROS
production is unclear; however, it may be a byproduct of other beneficial effects on inflammation (refer to the
section on inflammation reduction), mitochondrial oxidative metabolism in the heart (refer to the section on
improved cardiac energy metabolism), or the reduction of the risk of cardiac glucotoxicity (which can increase
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ROS production). And without type 2 diabetes, there is a lack of information about the effects of SGLT2
inhibition on ROS production.

Promoting better vascular health

An imbalance between the vascular smooth muscle and the endothelial cells plays a role in the pathogenesis of
heart failure (99,100). Its presence raises the risk of death and morbidity in heart failure patients. Inhibiting
SGLT2 has been demonstrated to enhance vascular function through a number of mechanisms, including a
reduction in vascular resistance, a loosening of the arterial walls, a dampening of endothelial cell activation,
and a reduction in endothelial cell dysfunction and molecular changes linked to early atherogenesis (101, 102,
103, 104). Impairment of mitochondrial function and suppression of inflammatory pathways are two potential
underlying mechanisms by which SGLT2 inhibition exerts its therapeutic effects (101). It has also been
suggested that SGLT2 inhibitors can induce vasodilation via activating voltage-gated potassium channels and
protein kinase G (105). The beneficial hemodynamic effects observed with SGLT2 inhibition may be due to both
the direct impacts on the vascular system and the natriuresis effects of SGLT2 inhibition.

What are the most probable mechanisms that explain the observed benefits, moving from a list to a synthesis?
Multiple randomized controlled trials have shown that SGLT2 inhibitors significantly improve cardiovascular
outcomes for both diabetic and non-diabetic individuals with heart failure. Consequently, SGLT2 inhibitors
represent a potent new tool in the fight against heart failure. Nevertheless, the precise mechanism by which
SGLT2 inhibitors cause their remarkable therapeutic advantages in heart failure patients is still unknown
(Central Illustration). These benefits cannot be adequately explained by its conventional actions of decreasing
blood glucose. It appears that the positive effects of SGLTZ2 inhibitors are not happening because they slow the
atherosclerotic process, since they are already apparent in clinical trials. The published papers offer a plethora
of potential mechanisms that link SGLT2 inhibition to cardiovascular protection. The question is, how can we
organize and rank these processes to shed light on the reported clinical benefits? Based on the clinical data, the
underlying mechanism(s) should be able to do the following: 1) effectively treat and prevent heart failure; 2)
work in conjunction with excellent background therapy, such as neprilysin inhibition; 3) have a quick effect; 4)
be effective regardless of glycemic status; and 5) be associated with renal protection. Some of the
cardiovascular benefits are secondary, in our opinion, to the major mechanism of action of SGLT2 inhibitors,
which is their renal effects. The proximal renal tubule is the site of the initial hemodynamic effect, as a
consequence of SGLT2 suppression, states this idea. This leads to afferent arteriolar constriction and increased
sodium and water loss via tubule-glomerular feedback. Protecting the kidneys is the goal of lowering
intraglomerular pressure. By lowering inflammation, ROS production, and afferent SNS activation, among other
mechanisms, improving renal function and/or decreasing renal stress can indirectly enhance cardiac
performance. We suggest that these options should be investigated in future research. Since the DAPA-HF study
found an early decrease in estimated glomerular filtration rate in both diabetics and non-diabetics, we further
contend that the renal hemodynamic effects are seen independently of glycemia. It is possible that the same
rise in hematocrit in DAPA-HF patients with and without diabetes is due to an increase in EPO generation as a
byproduct of better renal function. Reducing inflammation in the heart and enhancing cardiac energy
metabolism are two other intriguing ways that SGLT2 inhibition helps heart failure patients. Since ketones can
inhibit the inflammatory pathway, additional research is required to determine the effects of SGLT2 inhibition
on these pathways in the context of heart failure and whether or not there is a relationship between them. To
better understand how SGLT2 inhibitors achieve their remarkable effects on the cardiovascular system, more
research is needed.
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