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EDITORIAL COMMENT
Are the Cardiorenal Benefits of SGLT2
Inhibitors Due to Inhibition of the
Sympathetic Nervous System?*

Subodh Verma, MD, PHDa,b,c
S odium glucose cotransporter 2 (SGLT2) inhibi-
tors exert marked effects to prevent and treat
both heart failure and renal disease in people

with type 2 diabetes. Recent data from the DAPA-HF
(Study to Evaluate the Effect of Dapagliflozin on the
Incidence of Worsening Heart Failure or Cardiovascu-
lar Death in Patients With Chronic Heart Failure) trial
suggest that the improvement in heart failure out-
comes is also observed in people who do not have dia-
betes. These remarkable benefits, which appear to
manifest soon after treatment initiation, in addition
to standard of care, and independent of glucose
lowering, have culminated in several translational
hypotheses and, in turn, driven multiple endeavors
to identify the potential mechanistic underpinnings
of the cardiorenal efficacy observed with SGLT2 in-
hibitors (1).
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Some of the more commonly discussed mecha-
nisms include natriuresis and diuresis, improved
filling conditions (through reduction in preload and
afterload), reduction in left ventricular mass (2),
improved myocardial energetics (3), direct inhibitory
effects on the cardiac sodium-hydrogen exchanger,
reduction in cardiac inflammation, stimulation of
cardiac autophagy and mitophagy, reduction in adi-
pokines, increased provascular progenitor cell pro-
duction, and stimulation of erythropoietin (EPO)
production (4). However, despite the flurry of basic
and translational research in this area, it remains
unclear which mechanism(s) are primarily respon-
sible for the observed cardiorenal benefits of the
SGLT2 inhibitors.

A few important clues to the mechanisms respon-
sible for the cardiorenal benefits can be gleaned from
the recently completed DAPA-HF trial. In this trial,
the observed reduction in the primary outcome (time
to first event of either cardiovascular death or wors-
ening heart failure) was reduced significantly by 26%
in people with heart failure and reduced ejection
fraction. Importantly, this benefit was consistent, in
those individuals with and those without diabetes,
and persisted when evaluated by baseline glycosy-
lated hemoglobin (HbA1C) both categorically and
continuously. Although the primary renal outcome in
the DAPA-HF trial was numerically but not statisti-
cally significantly reduced, a closer look at the tem-
poral estimated glomerular filtration rate (eGFR)
suggests that participants with and without diabetes
exhibited similar initial declines in eGFR. Further-
more, the broad renal composite outcome was
numerically lower in those individuals with and those
without diabetes. Finally, the heart failure benefits in
the groups with and without diabetes were similar,
even though the HbA1C in the latter was essentially
unchanged during the trial. Therefore, it is reasonable
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FIGURE 1 SGLT2 Inhibition and SNS Regulation

Sodium glucose cotransporter 2 (SGLT2) inhibitors, secondary to reducing renal stress,

may reduce afferent renal sympathetic nervous system (SNS) activation. A reduction in

central SNS activation may serve as an important mechanism of heart failure protection

and reduce renal SGLT2 expression.
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to conclude that the cardiorenal mechanism of action
of SGLT2 inhibitors is independent of baseline HbA1C

and changes in HbA1C over time.
Having taken glycemic control off the table, could

the benefits of SGLT2 inhibition be ascribed to diuresis
and volume contraction? Again, translational insights
from the DAPA-HF trial shed some light, albeit indi-
rectly, on this matter. It has been widely held that the
rise in hematocrit observed with SGLT2 inhibitors is
secondary to diuresis and volume contraction.
Although mediation analyses from the EMPA-REG
OUTCOME (Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients) trial
indicated that hemoconcentrationwas statistically the
most important mediator of the cardiovascular death
benefit, and accordingly strengthened the belief that
these classes of medications must be working through
diuresis, the DAPA-HF trial data question this notion.
In the DAPA-HF trial, a similar rise in hematocrit was
observed in both individuals with and without dia-
betes. Given that people without diabetes would have
presumably demonstrated less osmotic diuresis raised
doubts that volume contraction drove this effect,
particularly in the subcohort that did not have dia-
betes. Furthermore, the rise in hematocrit was
observed to peak at approximately 4 months after
treatment initiation. If this phenomenon was second-
ary to volume contraction, then it should have
occurred simultaneously with the early drop in eGFR,
as opposed to gradually rising and cresting at
4months. Finally, although therewas a reduction in N-
terminal pro–B-type natriuretic peptide in the DAPA-
HF trial, this was relatively modest and inconsistent
with an agent that works primarily through diuresis.

Could the rise in hematocrit, which seems to be so
closely associated with the cardiorenal efficacy,
therefore reflect primary erythropoiesis (vs. diuresis)?
Indeed, recent data (albeit from people with diabetes)
suggest that within 1 month after initiation of empa-
gliflozin, there is a significant increase in the plasma
EPO levels (4). An increase in EPO may have several
theoretical benefits on heart failure and systemic or-
gan protection. However, whether EPO levels are
increased by SGLT2 inhibition in people without
diabetes remains unknown. Notably, pharmacological
approaches aimed at raising EPO levels have been, to
date, unsuccessful.

It has been postulated that SGLT2 inhibitors may
exert a direct or indirect effect to inhibit the central
sympathetic nervous system (SNS) (Figure 1). Aber-
rant SNS activation is believed to be an important
pathophysiological determinant of heart failure and
renal disease, and pharmacotherapies that attenuate
SNS activity have been shown to reduce heart failure
events in clinical trials (e.g., b-blockers). The fact that
SGLT2 inhibitors lower blood pressure without a
compensatory increase in heart rate suggests that
they may inhibit the SNS. In addition, preliminary
evidence indicates that SGLT2 inhibitors may atten-
uate sympathetic nerve activity in models of diabetes
and obesity.
In this issue of JACC: Basic to Translational Science,
Herat et al. (5) provide evidence of an important
relationship between SGLT2 inhibition and the SNS.
The data suggest that an SNS-associated mechanism
may be responsible for the cardiorenal benefits
observed in clinical trials. In the first set of experi-
ments, the authors demonstrated that chemical
denervation of the SNS with 6-hydroxydopamine
resulted in a reduced expression of renal SGLT2, with
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concomitant improvements in metabolic and hemo-
dynamic parameters in hypertensive (nondiabetic)
BPH/2J mice. In further experiments, the authors
studied the effects of SGLT2 inhibition with dapagli-
flozin in BPH/2J mice fed a high-fat diet. The in-
vestigators observed that in addition to
improvements in glycemia and blood pressure,
dapagliflozin treatment was also associated with a
reduction in cardiac and renal tyrosine hydroxylase
staining (a measure of SNS activation), alongside a
reduction in norepinephrine content. Coincident with
a decrease in cardiorenal SNS activation, the authors
found that measures of endothelial function were
improved (through reductions in asymmetric dime-
thylarginine resulting in increased endogenous nitric
oxide production), levels of proinflammatory cyto-
kines were attenuated, and there was an increase in
the anti-inflammatory cytokine interleukin-10 in the
hearts and kidneys of the dapagliflozin-treated mice.
Taken together, Herat et al. (5) concluded a bidirec-
tional relationship between SGLT2 inhibition and SNS
activity. They suggested that SGLT2 inhibitors pro-
mote a reduction in SNS activity within the heart and
kidneys, which occurs in hypertensive, nondiabetic
mice and that a reduction in SNS activation in turn
also attenuates renal expression of SGLT2.

Although Herat et al. (5) are to be congratulated for
their elegant study design, and for presenting cogent
data linking SGLT2 inhibition to cardiorenal benefit, a
few questions remain unanswered. First, the paper
would have been further strengthened with details on
cardiac structure and function, particularly in
response to pressure overload or coronary artery oc-
clusion. Second, the SNS is also a regulator of
myocardial energetics, which has been implicated as
a mechanism of benefit for SGLT2 inhibitors. Data on
ketone bodies and measures of myocardial energetics
(PGC1a) would have been beneficial. Probably the
most important issue pertains to ascribing cause and
effect. The benefits to lower tissue levels of SNS
activation with SGLT2 inhibitors may simply repre-
sent a “bystander response” secondary to improve-
ments in hemodynamics and metabolic stress and not
causally related to the cardiovascular benefits
observed. In mice that have SNS inactivated by
chemical denervation, is there a heart failure benefit
of SGLT2 inhibitors? Last, Herat et al. (5) did not
provide much information on how the effects of
SGLT2 inhibitors on the kidney may affect central SNS
activity. One tantalizing hypothesis is that the pri-
mary effect of SGLT2 inhibitors is a renal hemody-
namic effect and that through reducing renal stress,
there are secondary benefits of attenuating renal
afferent SNS activity. As discussed previously, a rise
in EPO may represent a marker of generalized im-
provements in renal function, and the reduction in
SNS activity may also be simply be secondary to a
renoprotective effect. Cardiac function studies of
SGLT2 inhibitors in models of nephrectomy may help
shed light on this, as would studies of patients on
dialysis.

The remarkable translational story of SGLT2 in-
hibitors continues. Although we continue to search
for answers to explain these formidable cardiorenal
benefits, we must be cognizant that these mecha-
nisms are likely multifactorial and interrelated.
Translational data from large clinical trials and
correlating biomarkers to clinical outcomes may help
get us closer.
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