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HIGHLIGHTS
! Treatment with SGLT2 inhibitors reduces the incidence of cardiovascular death and heart failure hospitalization in patients
with and without diabetes.

! This review discusses the potential mechanisms by which SGLT2 inhibitors exert their beneﬁcial effects, including

beneﬁcial effects on cardiac energy metabolism, reducing inﬂammation, improving kidney function, and increasing
erythropoiesis.

! Future studies are required to clarify how SGLT2 inhibitors exert their impressive cardiovascular effects, which will allow
for a more speciﬁc targeting of heart failure therapy.

SUMMARY
Recent clinical trials have shown that sodium glucose co-transport 2 (SGLT2) inhibitors have dramatic beneﬁcial cardiovascular outcomes. These include a reduced incidence of cardiovascular death and heart failure hospitalization in
people with and without diabetes, and those with and without prevalent heart failure. The actual mechanism(s)
responsible for these beneﬁcial effects are not completely clear. Several potential theses have been proposed to explain
the cardioprotective effects of SGLT2 inhibition, which include diuresis/natriuresis, blood pressure reduction, erythropoiesis, improved cardiac energy metabolism, inﬂammation reduction, inhibition of the sympathetic nervous system,
prevention of adverse cardiac remodeling, prevention of ischemia/reperfusion injury, inhibition of the Naþ /Hþ -exchanger,
inhibition of SGLT1, reduction in hyperuricemia, increasing autophagy and lysosomal degradation, decreasing epicardial
fat mass, increasing erythropoietin levels, increasing circulating pro-vascular progenitor cells, decreasing oxidative stress,
and improving vascular function. The strengths and weaknesses of these proposed mechanisms are reviewed in an effort
to try to synthesize and prioritize the mechanisms as they relate to clinical event reduction.
(J Am Coll Cardiol Basic Trans Science 2020;5:632–44) © 2020 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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O

ne of the most serious health concerns in

worsening heart failure or cardiovascular

ABBREVIATIONS

the world is heart failure, with over 50

death on top of excellent heart failure

AND ACRONYMS

million people worldwide being afﬂicted

standard-of-care therapy (6). Furthermore,

with this disease (1). Despite the advances made in

this beneﬁt was similar in those with and

the treatment of heart failure, patients diagnosed

without type 2 diabetes and was consistent

with heart failure still have a very poor prognosis

across the spectrum of A1c evaluated either

and quality of life. It also remains the most common

categorically or continuously.

reason for hospitalization in older individuals (1). Patients with type 2 diabetes mellitus (T2DM) are particularly susceptible to developing heart failure, which is
the major cause of morbidity and mortality in these individuals (2–4). It is therefore critical to develop new therapies and approaches to prevent and treat heart failure.
A number of sodium glucose co-transporter 2
(SGLT2) inhibitors have been developed to treat hyperglycemia in T2DM, which act by inhibiting glucose
reabsorption in the proximal tubule of the kidney (5).
A number of large clinical trials have been conducted
to evaluate the safety and efﬁcacy of SGLT2 inhibitors
in patients with diabetes (with established vascular
disease, multiple cardiovascular risk factors, or renal
insufﬁciency) and in those with established heart
failure and reduced ejection fraction (with and
without type 2 diabetes) (6–12). The remarkable results from the EMPA-REG OUTCOME (Empagliﬂozin
Cardiovascular Outcomes Event Trial in Type 2 Diabetes Mellitus Patients—Removing Excess Glucose)
demonstrated that T2DM patients who were at high
risk of cardiovascular disease had an early reduction
in major cardiovascular and renal outcomes (8). This
included a marked reduction in cardiovascular death
and hospitalization for heart failure in patients
treated with empagliﬂozin. Subsequent large trials
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EPO = erythropoietin
LV = left ventricular
NLRP3 = nucleotide-binding
oligomerization domain,
leucine-rich repeat, and pyrin
domain-containing 3

POTENTIAL MECHANISMS BY WHICH

ROS = reactive oxygen species

SGLT2 INHIBITION IS

SGLT = sodium glucose co-

CARDIOPROTECTIVE

transporter

A substantial number of theories have been

system

proposed to explain the beneﬁcial effects of

T2DM = type 2 diabetes

SGLT2

mellitus

SNS = sympathetic nervous

inhibitors

(14–18).

These

include

beneﬁcial effects of SGLT2 inhibition on the
following: 1) blood pressure lowering; 2) increasing
diuresis/natriuresis; 3) improving cardiac energy
metabolism; 4) preventing inﬂammation; 5) weight
loss; 6) improving glucose control; 7) inhibiting the
sympathetic nervous system; 8) preventing adverse
cardiac remodeling; 9) preventing ischemia/reperfusion

injury;

10)

inhibiting

the

cardiac

Naþ /H þ

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). In the sections that follow, we provide a
summary of these proposed mechanisms and a synthesis of what mechanism(s) are likely most important
in terms of the observed clinical results observed.

with other SGLT2 inhibitors, such as canagliﬂozin

BLOOD PRESSURE LOWERING. Hypertension is a

(CANVAS [Canagliﬂozin Cardiovascular Assessment

prevalent modiﬁable risk factor for the development

Study] [9] and CREDENCE [Canagliﬂozin and Renal

of heart failure. Because SGLT2 inhibitors lower blood

Outcomes in Type 2 Diabetes and Nephropathy] trials

pressure (19), some of the beneﬁcial effects of SGLT2

[10]) and dapagliﬂozin (DECLARE-TIMI 58 [Dapagli-

inhibitors in the setting of heart failure have been

ﬂozin and Cardiovascular Outcomes in Type 2 Dia-

suggested to be related to this blood pressure

betes] trial (11), conﬁrmed these observations in a

improved cardiac energetics with SGLT2 inhibition

broader population of primary and secondary pre-

lowering effect. Although the exact mechanism(s) for

vention patients (see Zelniker et al. [12] and Verma

the antihypertensive effects of SGLT2 inhibition are

et al. [13] for discussions of trials).

not fully understood, they are probably mediated by

Whereas the aforementioned trials provided robust

the osmotic and diuresis effects of SGLT2 inhibitors as

evidence to suggest that SGLT2 inhibitors can prevent

a result of an inhibition of sodium reabsorption in the

incident heart failure, 2 important questions remained

proximal tubules of the kidney. SGLT2 inhibition can

unanswered. First, could these therapies also be used

result in a 30% to 60% increase in urinary sodium

in the treatment of prevalent heart failure, and sec-

excretion (20). The antihypertensive effect of SGLT2

ond, is the beneﬁt seen in people without type 2 dia-

inhibition is greater than that of the thiazide diuretics

betes? Importantly, in this regard, the recently

when used in combination with ß-blockers or calcium

completed DAPA-HF (Dapagliﬂozin and Prevention of

antagonists (21,22). By lowering blood pressure,

Adverse Outcomes in Heart Failure) trial, which

SGLT2 inhibitors may lower cardiac afterload, with

enrolled 4,744 patients with heart failure and reduced

resultant

ejection fraction demonstrated a marked reduction on

coupling and cardiac efﬁciency. This would be

improvement

in

ventricular

arterial
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expected to beneﬁt the failing heart. However, the

heart failure and preserved ejection fraction with left

blood pressure–lowering effects of SGLT2 inhibition

ventricular (LV) hypertrophy who also have a reduced

are modest and are unlikely to completely explain the

LV mechanical efﬁciency (30).

beneﬁcial cardiovascular and kidney effects of these

It has been proposed that the beneﬁcial effects of

drugs. In addition, blood pressure lowering would be

SGLT2 inhibitors in heart failure can occur by

anticipated to have a greater effect on stroke rates

improving cardiac energetics and improving cardiac

compared with other cardiovascular outcomes, which

efﬁciency. SGLT2 inhibitors increase circulating ke-

was not observed in the EMPA-REG OUTCOME trial

tone levels, secondary to mobilizing adipose tissue

(8). Finally, in the DAPA-HF trial, the reductions in

fatty acids, which are then used by the liver for

blood pressure were quite modest and unlikely to be

ketogenesis (31–33). Circulating ketone levels can in-

related to the large reduction in failure events (6).

crease following SGLT2 inhibitor treatment even in

DIURESIS AND NATRIURESIS. SGLT2 inhibitors have

been shown to promote natriuresis and glucosuria,
and it has been suggested that the resultant osmotic
diuresis may improve heart failure outcomes. In fact,
mediation analyses from the EMPA-REG OUTCOME
trial suggested that hemoconcentration (presumed to
be secondary to volume contraction) accounted for
about 50% of the cardiovascular beneﬁt observed (8).
It is difﬁcult to explain the beneﬁts of SGLT2 inhibitors purely based on diuresis, because other
diuretic strategies per se have not been associated
with an improved event reduction in heart failure
studies. It has been suggested that SGLT2 inhibitors
may differ somewhat from classical diuretics. In a
study comparing dapagliﬂozin and hydrochlorothiazide, for example, a reduction in plasma volume and
increase in erythrocyte mass was observed with
dapagliﬂozin but not with hydrochlorothiazide (23).
When compared with a loop diuretic (bumetanide),
dapagliﬂozin was associated with more reduction in
interstitial versus intravascular volume (24). It has
therefore been speculated that SGLT2 inhibition may
afford a differential effect in regulating interstitial
ﬂuid (vs. intravascular volume), which may limit the
reﬂex neurohumoral stimulation that occurs in
response to intravascular volume contraction with
traditional diuretics.

the absence of diabetes (33). These ketones have been
proposed to improve cardiac energetics and cardiac
efﬁciency by being a “thrifty” fuel for the heart
(34,35). However, we have shown that ketones are not
a more efﬁcient source of fuel for the heart, but they
are an additional source of fuel for the failing heart
(36,37). The failing heart is “energy starved,” due
primarily to a decrease in mitochondrial oxidative
metabolism (25,29). Ketone oxidation is increased in
the failing heart, which has been proposed to be an
adaptive

metabolic

process

(37–40).

Increasing

plasma ketone levels in the blood due to SGLT2 inhibition does increase cardiac ketone oxidation rates
and therefore improves energy supply to the “starving” failing heart (41). In diabetic cardiomyopathic
mice, empagliﬂozin-induced increases in cardiac ketone oxidation provide an additional source of fuel
for the heart, which is associated with an improvement in cardiac performance (Figure 2) (41). In support of this, Santos-Gallego et al. (42) have shown that
empagliﬂozin can decrease adverse remodeling and
heart failure in a porcine model of heart failure, by
improving cardiac energetics. It has also been shown
that SGLT2 inhibitors can improve mitochondrial
respiratory function in diabetic rats (43), which also
may contribute to improving energy production in
the heart. These changes in mitochondrial respiration
have been proposed to be partially mediated due to

IMPROVED CARDIAC ENERGY METABOLISM. Dra-

favorable alterations in energy supply to the heart.

matic changes in energy metabolism occur in the

Ketone infusions into patients with heart failure is

failing heart. As heart failure progresses, a continual

also associated with an improvement in contractile

decline in mitochondrial oxidative metabolism oc-

performance (44). Of interest, this ketone-induced

curs, and the heart becomes more reliant on glycol-

improvement in contractile performance is also not

ysis as a source of energy (25). Mitochondrial glucose

associated with an increase in cardiac efﬁciency. This

oxidation decreases in the failing heart (26–28),

makes sense, as the oxidation of ketones, compared

leading to a decrease in energy production and a fuel-

with the oxidation of glucose, are not a more efﬁcient

starved heart (29). The uncoupling between glycolysis

source of energy. As a result, some of the beneﬁcial

and glucose oxidation in the failing heart also leads to

effects of SGLT2 inhibition in heart failure may occur

increased proton production that leads to a decrease

secondary to increasing fuel supply to the failing

in cardiac efﬁciency (cardiac work / O2 consumed)

heart, as opposed to supplying the heart with a more

(25–28). This decrease in cardiac efﬁciency is not

efﬁcient source of fuel. Additionally, the increase in

conﬁned to patients with heart failure and reduced

cardiac ketone oxidation in the failing heart is not

ejection fraction, but also occurs in patients with

associated with a decrease in either glucose or fatty
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F I G U R E 1 Possible Mechanisms by Which SGLT2 Inhibitors Decrease the Severity of Heart Failure

Improved cardiac energetics with SGLT2 inhibition. NLRP3 ¼ nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin
domain-containing 3; SGLT2 ¼ sodium glucose co-transporter 2.

acid oxidation, resulting in an overall increase in
adenosine triphosphate production (37,41). Therefore, whereas SGLT2 inhibitors may not increase
cardiac efﬁciency in the failing heart, they may supply the heart with an extra source of fuel, which may
be particularly beneﬁcial for the energy-compromised
failing heart.

proinﬂammatory biomarkers are elevated in patients
with heart failure and correlate with the severity of
the disease (45,46). This association between heart
failure and markers of inﬂammation is evident in
patients both with reduced and with preserved ejection

fraction

(47).

Inﬂammatory

cytokines

not

only cause endothelial dysfunction, they also can

REDUCTION IN INFLAMMATION. Inﬂammation is an

increase extracellular matrix turnover and increase

important contributor to heart failure severity, and

ﬁbrosis. The SGLT2 inhibitors, empagliﬂozin (48),
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canagliﬂozin (49), and dapagliﬂozin (50) have been

DAPA-HF trial, whereas there was a modest numeric

shown to attenuate or ameliorate the inﬂammatory

reduction in weight observed, the magnitude of

proﬁle in patients with diabetes. This decrease in

which appeared to be greater in those with diabetes

anti-inﬂammatory properties of SGLT2 inhibitors has

(63). Furthermore, the effects of SGLT2 inhibition on

the potential to decrease molecular processes related

weight loss are moderate and diminish with time, due

to inﬂammation, such as extracellular matrix turn-

in part to counter-regulatory mechanisms (such as

over and ﬁbrosis (51). In support of this, dapagliﬂozin

increased energy intake) being activated to attempt to

has been shown to have marked antiﬁbrotic effects in

maintain weight (64).

the post-infarct rat heart by suppressing collagen
synthesis (51). Empagliﬂozin also signiﬁcantly attenuates cell-mediated extracellular matrix collagen
remodeling (52).
How SGLT2 inhibitors modify the inﬂammatory
process is not exactly clear. Decreasing glucose levels
with SGLT2 inhibitors may decrease macrophage inﬂammatory response, as macrophages preferentially
utilize glucose from glycolysis as an energy source
(53). Alternatively, SGLT2 inhibitors may directly
target the inﬂammatory pathways independent of
glucose lowering per se. The nucleotide-binding
domain-like

receptor

protein

(speciﬁcally,

nucleotide-binding oligomerization domain, leucinerich repeat, and pyrin domain-containing 3 [NLRP3])
inﬂammasome plays an important role in mediating
inﬂammation. The NLRP3 inﬂammasome also contributes to chronic inﬂammation in heart failure,
thereby increasing heart failure severity (54). Recent
evidence in the kidney (55), liver (56), macrophages
(57), vasculature (58), and heart (59,60) suggests that
empagliﬂozin can inhibit the NLRP3 inﬂammasome
and that this can occur independent of glucose
lowering per se. Whether this is a direct or indirect
effect of SGLT2 inhibitors on NLRP3 is not clear. The
ketone ß-hydroxybutyrate is an effective blocker of
the NLRP3 inﬂammasome-mediated inﬂammatory
process (61). Because SGLT2 inhibitors increase
circulating ß-hydroxybutyrate levels, it is possible
that some of the beneﬁcial effects of SLT2 inhibition
could occur secondary to ketone inhibition of the
NLRP3 inﬂammasome.
WEIGHT LOSS. The excretion of glucose by the kid-

ney with SGLT2 inhibitor treatment results in a loss of
calories. As a result of this, there is a subsequent
decrease in body weight as fatty acids are mobilized
from adipose tissue stores. Clinical studies have
consistently shown body weight reduction in patients
treated with SGLT2 inhibitors (62). Whereas this
weight loss may contribute to the beneﬁcial effects of
SGLT2 inhibition, other mechanisms must also be
involved, as weight loss strategies have been much
less effective in decreasing heart failure severity
compared with SGLT2 inhibition, therefore this is

IMPROVING GLUCOSE CONTROL. Whereas SGLT2

inhibitors are effective glucose-lowering agents, the
efﬁcacy on heart failure is unlikely related to improvements in glucose lowering per se. Hyperglycemia itself has been shown to be a weak risk factor for
cardiovascular disease (65). In addition, the rapid
efﬁcacy noted (within days of treatment initiation) is
difﬁcult to reconcile with a glucose-lowering effect.
Furthermore, the differences in glycemic control in
the cardiovascular outcome trials were small (in an
effort to fulﬁll the glycemic equipoise principle of the
trials), and post hoc analyses from trials suggested
that baseline A 1c or changes in A 1c were not associated
with any treatment modiﬁcation with SGLT2 inhibitors (65). Deﬁnitive proof of this concept emerged
from the DAPA-HF trial wherein the efﬁcacy of
dapagliﬂozin was entirely consistent in those with
and without diabetes. Even in those without diabetes,
efﬁcacy was similar in those with pre-diabetes or
impaired glucose tolerance compared with in those
who were truly euglycemic. When studied continuously, using fractional polynomial analyses, baseline
A 1c was unrelated to the efﬁcacy of dapagliﬂozin to
reduce heart failure and mortality in DAPA-HF. In
addition, in experimental models of heart failure, the
beneﬁt of SGLT2 inhibition has been observed independent of diabetes or hyperglycemia (60,66,67).
INHIBITING THE SNS. The observation that SGLT2

inhibitors reduce blood pressure in the absence of
increasing heart rate suggests, indirectly, that these
agents may be associated with a reduction in sympathetic nervous system (SNS) activity. In fact,
accumulating data indicate that SGLT2 inhibition may
lead to a reduction in sympathetic nerve activity,
inhibit norepinephrine turnover in brown adipose
tissue, and reduce tyrosine hydroxylase production
(68–72). These sympathoinhibitory effects appear to
be observed in both animal models of diabetes as well
as those with obesity (without diabetes) (68–72). It
has also been postulated that the effects of SGLT2
inhibition to reduce SNS activity may be secondary to
a reduction in renal stress with resultant inhibition of
renal afferent sympathetic activation (73).

unlikely to be an important mechanism of the heart

PREVENTING

failure

Adverse

beneﬁt

observed.

For

example,

in

the

ADVERSE

cardiac

CARDIAC

remodeling

is

REMODELING.

an

important
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F I G U R E 2 SGLT2 Inhibition Increases Cardiac Energy Production

SGLT2 inhibitors can increase cardiac energy metabolism. Reproduced with permission from Verma et al. (41). ATP ¼ adenosine triphosphate;
SGLT2 ¼ sodium glucose co-transporter 2.

contributor to heart failure severity. This includes the

artery disease were treated with empagliﬂozin versus

development

ﬁbrosis,

placebo for 6 months (76). The primary outcome—

inﬂammation, and cardiomyocyte cell death. Several

change in LV mass index (evaluated by cardiac mag-

experimental and human studies have demonstrated

netic resonance imaging) was signiﬁcantly lower in

beneﬁcial effects of SGLT2 inhibition on cardiac

those treated with empagliﬂozin versus in those who

remodeling (23,67,74–77). In a randomized trial, peo-

received placebo. Although these data do not provide

ple with type 2 diabetes and a history of coronary

insight about the exact mechanism of action, they do

of

cardiac

hypertrophy,
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Multiple Sites for the Beneﬁcial Effects of SGLT2 Inhibition

Proposed renal mechanisms for increased erythropoietin (EPO) with sodium glucose co-transporter 2 (SGLT2) inhibitors. Reproduced with
permission from Mazer et al. (95).

suggest that even short-term exposure to SGLT2 in-

inhibition has

hibitors can promote cardiac reverse remodeling

ischemia/reperfusion injury in both diabetic and

(Figure 3). Inhibition of the mammalian target of

nondiabetic rats (79). This beneﬁcial effect of SGLT2

rapamycin pathway, a major pathway involved in

inhibition on ischemia/reperfusion injury is associ-

cardiac hypertrophy, by SGLT2 inhibition may also be

ated with a decrease in calmodulin kinase II activity,

involved (76). Prevention of adverse remodeling with

resulting in improved sarcoplasmic reticulum Ca2 þ

SGLT2 inhibition is also associated with a decreased

ﬂux and increased contractility. However, whether

ﬁbrosis (52,78), which may in part be mediated by the

this effect occurs in humans remains unclear.

anti-inﬂammatory actions of SGLT2 inhibition (see

INHIBITING THE CARDIAC NA D /H D EXCHANGER.

reduction in inﬂammation discussion). As a result,
SGLT2 inhibition may reverse the cardiac remodeling
seen in heart failure, thereby reducing LV wall stress
and improving cardiac function.
PREVENTING

injury

cardioprotective

effect against

The Na þ /H þ exchanger is increased in the failing heart
and can lead to Naþ and Ca 2þ overload in the heart
(reviewed by Wakabayashi et al. [80]). Inhibition of
the Naþ /H þ exchanger has also been demonstrated to

ISCHEMIA/REPERFUSION

Ischemia/reperfusion

a

INJURY.

heart failure (see Wakabayashi et al. [80] for review).

diomyocyte cell death and heart failure. Recent

Inhibition of the Naþ /Hþ exchanger has been pro-

experimental

posed to explain the beneﬁcial effects of SGLT2

suggests

promote

protect the heart in several experimental models of

car-

evidence

can

that

SGLT2

Lopaschuk and Verma

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 6, 2020

Mechanisms of Cardiovascular Beneﬁts of SGLT2 Inhibitors

JUNE 2020:632–44

inhibitors in heart failure (81–85). The cardiac Na þ /Hþ

DECREASING EPICARDIAL FAT MASS. High epicar-

exchanger is inhibited by SGLT2 inhibitors, which can

dial adipose tissue attenuation on computed tomog-

lower myocardial Na þ levels (81). However, it is not

raphy is associated with an increased risk of

clear whether direct inhibition of the cardiac Na þ /Hþ

cardiovascular events (92). Epicardial adipose tissue

exchanger occurs at clinically relevant concentrations

can produce a number of bioactive molecules that can

of SGLT2 inhibitors. In addition, the development of

negatively affect heart function and contribute to

Naþ /H þ exchanger inhibitors has not been shown to

coronary artery disease. In addition, SGLT2 inhibitors

be beneﬁcial in the clinical setting of heart failure

reduce the accumulation and inﬂammation of peri-

(85). Therefore, it is not clear whether some of the

vascular adipose tissue, thus minimizing the secre-

beneﬁcial effects of SGLT2 inhibition in the setting of

tion of leptin and its paracrine actions on the heart to

heart failure may occur secondary to direct inhibition

promote ﬁbrosis (84). In patients with diabetes who

of the cardiac Na þ /Hþ exchanger.

also have coronary artery disease, SGLT2 inhibition

INHIBITING SGLT1. Although the heart does not ex-

press SGLT2, it does express some SGLT1. Inhibition
of SGLT1 in the heart has the potential to decrease
myocardial Na

and glucose uptake and decrease

þ

hyperglycemia-induced generation of reactive oxy-

reduces epicardial adipose tissue mass, as well as the
levels of bioactive molecules such as tumor necrosis
factor- a and plasminogen activator inhibitor-1 (93).
This may contribute to a decreased adverse remodeling of the failing heart.

gen species (ROS) (86). However, whereas some of the

INCREASING EPO LEVELS. The fact that SGLT2 in-

SGLT2 inhibitors will decrease SGLT1, such as cana-

hibitors raise the hematocrit (94), even in those

gliﬂozin, the concentration necessary to inhibit SGLT1

without diabetes (as seen in DAPA-HF), has led to the

is much higher than the plasma concentrations seen

suggestion that these agents may promote erythro-

with the clinical use of SGLT2 inhibitors. In addition,

poiesis via enhanced EPO secretion by the kidney

the use of dual inhibitors of SGLT2 and SGLT1 can

(95). Such an increase in EPO may serve to favorably

exacerbate

inﬂuence

cardiac

dysfunction

post-myocardial

cardiomyocyte

mitochondrial

function,

infarction in rats (87). As a result, it is unlikely

angiogenesis, cell proliferation, and inﬂammation, in

that the

inhibitors

addition to directly enhancing myocardial tissue ox-

can be explained by any secondary effect on

beneﬁcial effects

of

SGLT2

ygen delivery (95). Mazer et al. (95) recently evalu-

SGLT1 inhibition.

ated

this

in

the

EMPA-Heart

CardioLink-6

inhibitors

randomized clinical trial and demonstrated that EPO

decrease plasma uric acid, which adversely affects the

levels increased signiﬁcantly after 1 month of empa-

prognosis of heart failure (88). Small reductions in

gliﬂozin treatment in people with type 2 diabetes and

uric acid levels have been seen with SGLT2 inhibitor

coronary artery disease accompanied by an increase

treatment (89). This may be attributed to the

in hematocrit, reduced ferritin and red blood cell

increased glycosuria in the proximal tubules due to

hemoglobin concentration (Figure 3). Whether EPO

SGLT2 inhibition, which stimulates uric acid secretion

levels go up in people without type 2 diabetes re-

(90). However, whether a reduction in hyperuricemia

mains unknown.

by SGLT2 inhibition is a marker or plays a causal role

INCREASING CIRCULATING PROVASCULAR PROGENITOR

REDUCING

HYPERURICEMIA. SGLT2

remains unknown.

CELLS. Preliminary evidence in humans points toLYSOSOMAL

ward an effect of SGLT2 inhibitors on the restoration

DEGRADATION. Cardiac autophagy and lysosomal

of provascular progenitor cells in people with type 2

degradation can be impaired in diabetes and heart

diabetes. In one such completed study, Hess et al.

failure (77,91). By driving catabolic rates due to con-

(96) observed that empagliﬂozin treatment was

stant glycosuria, it has been proposed that SGLT2

associated with a reduction in the number proin-

inhibition can promote autophagy and lysosomal

ﬂammatory M1 cells while increasing the number of

degradation,

M2 polarized, anti-inﬂammatory cells. By using the

INCREASING

AUTOPHAGY

thereby

AND

improving

mitochondrial

morphology and function (77). An SGLT2-mediated

Aldeﬂour

inhibition of mammalian target of rapamycin may

bridge, Massachusetts), the investigators found that

also stimulate autophagy and lysosomal degradation,

SGLT2

leading to the enhanced degradation of dysfunctional

burden in individuals with T2DM, increased circu-

organelles. It therefore cannot be ruled out that some

lating ALDH hi SSC mid monocytes and induced a tran-

of the beneﬁt of SGLT2 inhibition in heart failure

sition from M1 to M2 polarization—all of which is

may

consistent with maturation of collateral vessels dur-

be

secondary

lating autophagy.

to

their

effects

on

stimu-

assay

inhibition

(STEMCELL
reduced

Technologies,
systemic

Cam-

granulocyte

ing arteriogenesis. The investigators concluded that
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C EN T R A L I L L U ST R A T I O N Potential Direct Myocardial and Indirect $ Systemic Effects of SGLT2 i

Lopaschuk, G.D. et al. J Am Coll Cardiol Basic Trans Science. 2020;5(6):632–44.

CAMKII ¼ calmodulin-dependent protein kinase II; EPO ¼ erythropoietin; NHE ¼ sodium/hydrogen exchanger; NLRP3 ¼ nucleotide-binding
oligomerization domain, leucine-rich repeat, and pyrin domain-containing 3; SGLT2i ¼ sodium glucose co-transporter 1(2) inhibitor; SNS ¼

sympathetic nervous system.

SGLT2 inhibition may uniquely serve as a strategy to

mitochondrial respiration for adenosine triphosphate

promote the recovery of circulating provascular cells

production and an increased electron transport chain

in T2DM. Whether this occurs in people without

activity. In diabetic mice, increasing glycemic control

T2DM is unknown.

with SGLT2 inhibition can decrease myocardial ROS

DECREASING OXIDATIVE STRESS. Excessive cardiac

production and cardiac ﬁbrosis (97). In human coro-

mitochondrial

important

nary arterial endothelial cells, SGLT2 inhibition can

contributor to contractile dysfunction in human heart

also decrease ROS generation (98). How SGLT2 inhi-

failure and in animal models of heart failure (for re-

bition

view see Zhou and Tian [97]). During the develop-

although this may occur secondary to favorable ef-

ROS

production

is

an

decreases

ROS

production

is

not

clear,

ment of heart failure, increased oxidative stress can

fects on the inﬂammatory process (see reduction in

result in mitochondrial dysfunction. This increase in

inﬂammation

ROS production may occur due to a stimulation of

oxidative metabolism (see improved cardiac energy

discussion),

cardiac

mitochondrial
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metabolism discussion), or decreasing the potential

to help explain the observed clinical beneﬁts? Taking a

for cardiac glucotoxicity (which can promote ROS

bedside-to-bench approach, the clinical data would

production). Furthermore, there is a paucity of data

suggest that the mechanism(s) involved must account

on SGLT2 inhibition on ROS production in the

for the following key elements: 1) efﬁcacy in the

absence of type 2 diabetes.

treatment and prevention of heart failure; 2) efﬁcacy

IMPROVING VASCULAR FUNCTION. Vascular smooth

on top of excellent background therapy, including

muscle and endothelial dysfunction contributes to
the pathophysiology of heart failure (99,100). Its existence in patients with heart failure increases
morbidity and mortality. SGLT2 inhibition has been
shown to improve vascular function by attenuating
endothelial cell activation, inducing direct vasorelaxation, reducing endothelial cell dysfunction and
molecular changes associated with early atherogenesis decreasing arterial wall stiffness, and decreasing
vascular resistance (101–104). A number of underlying
mechanisms for the beneﬁcial actions of SGLT2 inhibition may occur, including beneﬁcial effects of
SGLT2 inhibition on inhibiting the inﬂammatory
pathways and improving mitochondrial function
(101). Induction of vasodilation via activation of protein kinase G and voltage-gated potassium channels
by SGLT2 inhibitors has also been proposed (105). The
direct effects of SGLT2 inhibition on the vascular,
combined with the natriuresis effects of SGLT2 inhibition, may contribute to the desirable hemodynamic

neprilysin inhibition; 3) rapid onset of the beneﬁt; 4)
efﬁcacy independent of glycemic status; and 5) association with renal protection. We opine that the renal
effects of SGLT2 inhibitors are an important mechanism of action and that some of the cardiovascular
beneﬁts are secondary to this. According to this theory, SGLT2 inhibition result in an early hemodynamic
effect at the level of the proximal renal tubule. This in
turn promotes sodium and water loss while also,
through

tubule-glomerular

feedback,

promoting

afferent arteriolar constriction. The ensuring reduction in intraglomerular pressure leads to renal protection. Improving renal function and/or reducing
renal stress can indirectly improve cardiac function
through various pathways, including a reduction in
afferent SNS activation, reduction in inﬂammation,
and ROS generation. We propose that future studies
are required to examine these possibilities. We also
argue that the renal hemodynamic effects are
observed independent of glycemia, because in the

effects seen with SGLT2 inhibition.

DAPA-HF trial an initial drop in estimated glomerular

FROM A LIST TO SYNTHESIS:
WHAT MECHANISMS MOST LIKELY

without diabetes. The increase in EPO production may

EXPLAIN THE BENEFITS OBSERVED?

and may explain why the hematocrit is increased to a

ﬁltration rate was observed in people both with and
also be secondary to an improvement in renal health
similar extent in people both with and without dia-

A number of clinical trials have demonstrated that

betes in DAPA-HF. Additional intriguing mechanisms

SGLT2 inhibitors have impressive beneﬁcial cardio-

for the beneﬁts of SGLT2 inhibition in heart failure

vascular effects in both patients with diabetes and

include improving cardiac energy metabolism and

patients who do not have diabetes, but do have heart

decreasing cardiac inﬂammation. Further studies are

failure. As a result, SGLT2 inhibitors are a new weapon

needed to examine SGLT2 inhibition impacts on these

that can be added to the arsenal of weapons used to

pathways in the setting of heart failure, as well as the

treat heart failure. However, it remains unclear exactly

potential inter-relationship between these 2 pathways

how SGLT2 inhibitors produce their impressive clinical

(because

beneﬁts in patients with heart failure (Central

pathway). Further studies should help elucidate

Illustration). It is clear that its classical actions of

exactly how SGLT2 inhibitors exert these impressive

lowering blood glucose cannot fully explain these

cardiovascular effects.

ketones

can

inhibit

the

inﬂammatory

beneﬁts. The early onset of the beneﬁcial effects of
SGLT2 inhibitors in clinical trials suggests that these
Dr. Gary D.

beneﬁts are not occurring as a result of slowing the
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atherosclerotic process. Whereas the published re-
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ports are replete with numerous proposed mecha-
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nisms linking SGLT2 inhibition to cardiovascular
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