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A B S T R A C T

Dapagliflozin is a sodium-glucose cotransporter 2 (SGLT2) inhibitor that, in addition to glucose reduction, lowers
systemic blood pressure. Here, we investigated if dapagliflozin could directly relax small mesenteric arteries that
control peripheral vascular resistance and blood pressure, and the underlying molecular mechanism. We used
pressurized arterial myography, pharmacological inhibition and Western blotting to investigate the direct effect of
dapagliflozin on the contractility of freshly isolated, resistance-size rat mesenteric arteries. Our pressure myog-
raphy data unveiled that dapagliflozin relaxed small mesenteric arteries in a concentration-dependent manner.
Non-selective inhibition of KV channels and selective inhibition of smooth muscle cell voltage-gated Kþ channels
KV7 attenuated dapagliflozin-induced vasorelaxation. Inhibition of other major KV isoforms such as KV1.3, KV1.5
channels as well as large-conductance Ca2þ-activated Kþ (BKCa) channels, ATP-sensitive (KATP) channels did not
abolish vasodilation. Dapagliflozin-evoked vasodilation remained unaltered by pharmacological inhibition of
endothelium-derived nitric oxide (NO) signaling, prostacyclin (PGI2), as well as by endothelium denudation. Our
Western blotting data revealed that SGLT2 protein is expressed in rat mesenteric arteries. However, non-selective
inhibition of SGLTs did not induce vasodilation, demonstrating that the vasodilatory action is independent of
SGLT2 inhibition. Overall, our data suggests that dapagliflozin directly and selectively stimulates arterial smooth
muscle cells KV7 channels, leading to vasodilation in resistance-size mesenteric arteries. These findings are sig-
nificant as it uncovers for the first time a direct vasodilatory action of dapagliflozin in resistance mesenteric
arteries, which may lower systemic blood pressure.
1. Introduction

Type 2 diabetes (T2D) is a metabolic disorder that is associated with
numerous cardiovascular complications including vascular dysfunction,
heart disease, peripheral artery disease, chronic kidney disease and
stroke [1]. T2D-associated metabolic changes also lead to hypertension.
T2D and hypertension are two independent drivers of cardiovascular
diseases, but their coexistence multiplies the risk of adverse cardiovas-
cular events [1, 2]. Indeed, about half of T2D patients have coexisting
hypertension, and approximately one fifth of hypertensive patients also
have T2D [3]. These diabetic-hypertensive patients are considered a
high-risk group for developing fatal cardiovascular complications and
require special medical attention. There is a growing consensus among
clinicians that antidiabetic drugs with inherent vasodilatory action may
greatly complement the management of hypertension and related car-
diovascular diseases in this population [4]. In this regard, several
members of the new class of sodium-glucose cotransporter 2 (SGLT2)
.
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inhibitors such as dapagliflozin, empagliflozin and canagliflozin were
found to be promising, as they all lower systemic blood pressure [5, 6, 7,
8, 9, 10, 11, 12], an effect that is believed to be independent of their
glucose lowering action. Consistent with blood pressure reduction, the
role of this class of drugs as vasodilators is also emerging. Dapagliflozin
was reported to produce relaxation of aorta [13]. Canagliflozin was
shown to relax human adipose arterioles in a manner consistent with
SGLT2 inhibition [14]. A recent study from our laboratory demonstrated
that empagliflozin induces mesenteric artery vasodilation by stimulating
voltage-gated Kþ channels KV1.5 and KV7 [15]. In a previous study,
empagliflozin was shown to reduce aortic reactivity and blood pressure
[16]. Canagliflozin was reported to enhance endothelium-dependent
relaxation of rat aorta by reducing endothelial dysfunction [17]. In
addition to vasorelaxation, accumulating evidence suggests that SGLT2
inhibitors reduce cardiac, renal, and vascular inflammation [6, 17, 18,
19, 20, 21, 22, 23], whichmay contribute to the improved cardiovascular
outcomes with the long-term use of these drugs. Overall, previous studies
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suggest that treatment with SGLT2 inhibitors lower arteriolar resistance,
systemic blood pressure, and cardiovascular inflammation. These glu-
cose-independent effects may contribute to the observed reduction of the
risk of heart failure and cardiovascular deaths observed in clinical trials.

Based on the vasodilatory action of dapagliflozin in aorta, which is a
conduit vessel that does not control blood pressure, we sought to examine
if dapagliflozin could relax resistance-size mesenteric arteries that
regulate peripheral vascular resistance and systemic pressure, as well as
investigate its underlying mechanism(s).

Our data demonstrated that acute dapagliflozin application stimu-
lates mesenteric artery vasorelaxation, an effect that was blocked by
selective inhibition of smooth muscle cell KV7 ion channel. Dapagliflozin-
evoked vasodilation remained unaltered by Kv1.3, Kv1.5, BKCa, KATP
channel inhibition, SGLT inhibition, and inhibition of NO-SGC-PKG
signaling axis or PGI2. Overall, our study uncovers a vasodilatory role
for dapagliflozin in mesenteric arteries, which may lower systemic blood
pressure by reducing peripheral vascular resistance. This finding may
provide mechanistic insight into the role of this drug in reducing car-
diovascular deaths via a reduction of arteriolar tone and blood pressure
in hypertensive-diabetic population.

2. Materials and methods

2.1. Chemicals

Physiological saline solution (PSS) for surgical isolation of mesenteric
arteries and myography experiments containing 6 mM KCl, 112 mM
NaCl, 1.18 mM NaHCO3, 1.18 mM MgSO4, 1.18 mM KH2PO4, 1.18 mM
CaCl2, and 10 mM glucose was gassed with 21% O2/5% CO2 to pH the
solution to approximately 7.4. 60 mM Kþ-PSS (60K) that was used to test
the viability of isolated vessel segments was prepared by equimolar
replacement of NaCl with KCl. Dapagliflozin was purchased from
Ambeed Inc. (Arlington Heights, IL, USA). Phenylephrine (PE), and 4-
aminopyridine (4-AP) and XE 991 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Indomethacin, DPO-1, Linopirdine, Psora-4, Gli-
benclamide, paxilline, ODQ, KT5823, L-NNA, SNP and acetylcholine
(ACh) were purchased from Tocris (Minneapolis, MN, USA). Drug/
modulator stocks were prepared by dissolving them in suitable solvents:
4-AP, SNP and PE in distilled water; dapagliflozin, DPO-1, linopirdine,
psora-4, indomethacin, glibenclamide, paxilline, ODQ, KT5823, L-NNA,
and ACh in dimethyl sulfoxide (DMSO, final concentration<0.1%). Anti-
SGLT2 antibody was purchased from Abcam (Cambridge, UK), and anti-
rabbit horseradish peroxidase-conjugated secondary antibody from Santa
Cruz Biotechnology (Dallas, TX, USA).

2.2. Animals

Animal experiments were designed and performed according to local,
regional, and federal guidelines. Animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committee (IACUC)
of Mercer University. Male Sprague Dawley (SD) rats (7–10 weeks old)
purchased from Charles River Laboratories (Wilmington, MA, USA) were
used for this study. Upon arrival, animals were individually caged in a
temperature-regulated room (temperature 22 � 2 �C; 55% humidity; 12-
hour light/dark cycles) and were acclimatized for at least seven days
before performing experiments. Rats were euthanized using compressed
CO2 gas followed by decapitation. Mesenteric artery bed was dissected
and placed in pre-chilled PSS. Third and fourth order branches of
mesenteric arteries (<250 μm)were cleaned of adventitial tissue, cut into
1–2 mm long segments, and cannulated for pressure myography [24, 25,
26].

2.3. Pressurized arterial myography

Throughout the duration of pressure myography experiments, can-
nulated arterial segments were maintained in a perfusion chamber
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(Living Systems Instrumentation, St. Albans, VT), perfused with 37 �C
PSS, and gassed with mixture of 21% O2/5% CO2/74% N2. 60K PSS was
used for testing the viability of the mounted arterial segments. Intra-
luminal pressure was gradually increased to 40 mmHg, but luminal flow
was absent during experimentation. Subsequently, 1 μM PE was applied
to pre-constrict mesenteries and get a stable baseline diameter reading.
Note that at 40 mmHg, mesenteric arteries developed <5% myogenic
tone and produced a stable baseline that allowed us to study of vaso-
dilatory effects of drugs without interfering with myogenic vasocon-
striction that occurs at higher intraluminal pressures. Use of a low
intravascular pressure of 40 mmHg allowed us to maintain a pure PE-
induced constriction model without additional signaling characteristic
of myogenic vasoconstriction. Vessel diameter was read at 1 Hz using a
CCD camera connected to a Nikon Ts2 microscope, coupled with the
edge-detection function of IonWizard software (IonOptix, Milton, MA,
USA) [24, 25, 26, 27]. Where needed, endothelium denudation was
achieved by slow passage of air bubbles through the vessel lumen. Ar-
teries that had at least 90% reduction of acetylcholine (ACh)-induced
vasodilation were considered endothelium denuded [25, 26, 27].

2.4. Western blotting

To analyze SGLT2 protein expression, small pieces of rat kidneys
weighing approximately 0.5 g were dissected and cleaned in cold PSS to
remove excessive blood [25, 28]. Alongside kidney tissues, a portion of
whole mesenteric artery bed was dissected cleaned of adventitial tissue.
Dissected kidney tissue and mesenteric artery bed were cut into smaller
pieces and homogenized in RIPA buffer containing 50 mM Tris-HCl, 150
mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 10 mM NaF, 10 mM Na2HPO4, as well as protease and phos-
phatase inhibitor cocktails (Roche). Tissue lysates were centrifuged at 12,
000 rpm for 15 min at 4 �C, supernatants collected, and protein con-
centrations normalized using BCA method. Approximately 50 μg protein
for each sample was processed for Western blotting. After resolving
proteins on a 7.5% SDS-PAGE gel, proteins were transferred onto PVDF
membranes using a semidry transfer method [25, 28]. PVDF membranes
were blocked with 5% milk in TBST (tris-buffered saline with 0.1%
Tween 20). Blots were incubated with anti-SGLT2 primary antibody
(rabbit, polyclonal) at 1:1000 dilution overnight at 4 �C. Blots were then
washed three times and incubated with HRP-conjugated anti-rabbit
secondary antibody (1:5000 dilution) for 1 h at room temperature. At the
end of secondary antibody incubation, PVDF membranes were washed
three times. Membranes were developed using ECL detection solution
(Pierce) and protein bands imaged using Gel Doc XR þ System (Bio-Rad)
[28].

2.5. Statistical analysis

We used OriginLab software v 9.55 (2019b) (OriginLab, North-
ampton, MA, USA) for statistical analyses. Data were expressed as mean
� SEM. Unpaired student t-tests (2-tailed) were used to test the hy-
potheses. A p value of <0.05 was considered statistically significant [18,
25, 28].

3. Results

3.1. Dapagliflozin stimulates vasodilation in small mesenteric arteries

To explore vasodilatory action of dapagliflozin, we performed pres-
sure myography using resistance mesenteric arteries. Arterial segments
were pre-constricted by 1 μM PE application and allowed to reach as
stable baseline diameter. Then we performed a cumulative concentration
response to dapagliflozin using increasing concentrations (0.001–100
μM) of the drug. Our data demonstrates that dapagliflozin application
produced a concentration-dependent vasodilation in resistance-size
mesenteric arteries (Fig. 1A, B, C). Dapagliflozin at 100 μM produced a



Figure 1. Dapagliflozin induces vasodilation in mesenteric arteries. (A) An original trace illustrating the vasorelaxing effect of dapagliflozin in a PE-preconstricted
mesenteric artery. (B) Mean data for % vasorelaxation by dapagliflozin, n ¼ 5. (C) Mean data for dapagliflozin-induced diameter change in resistance-size mesen-
teric arteries, n ¼ 5.
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maximum reversal of PE constriction of 62.52 � 3.75% (Figure 1B).
Dapagliflozin-induced vasodilation was rapid, produced within 2–3 min
of drugs application, and reversible upon drug washout. Overall, our data
demonstrates that dapagliflozin induces concentration-dependent vaso-
dilation in mesenteric arteries.
Figure 2. Dapagliflozin-induced vasodilation is not mediated by NO signaling.
(A) Original traces illustrating the modulation of dapagliflozin (Dapa, 100 μM)-
induced vasorelaxation. Concentrations of L-NNA, ODQ, and KT5823 used were
10 μM, 10 μM and 1 μM, respectively. (B) Mean data comparing Dapa-induced
mesenteric artery relaxation with or without the modulators, n ¼ 4.
3.2. Dapagliflozin-induced vasodilation does not require endothelial nitric
oxide (NO) signaling

Endothelium, the innermost layer of blood vessels, plays an important
role in regulating arterial tone and vessel diameter. One of the classical
signaling pathways leading to arterial vasodilation is endothelial NO.
Endothelium-derived NO diffuses into arterial smooth muscle cells to
stimulate soluble guanylate cyclase (sGC) and cyclic guanosine mono-
phosphate (cGMP) production. Cytosolic cGMP abundance activates
protein kinase G (PKG), which in turn, activates myosin light chain
phosphatase, to produce vasodilation [29]. To examine if NO-sGC-PKG
signaling has a role in dapagliflozin-induced vasodilation, we used
pharmacological inhibitors of this signaling axis. Our data showed that
L-NNA, a selective inhibitor of endothelial NO synthase (eNOS), did not
abolish dapagliflozin-induced vasodilation (Fig. 2A, B), suggesting that
endothelial NO production is not involved. Consistently,
dapagliflozin-induced vasodilation remained unaltered by ODQ, a sGC
inhibitor, or KT5823, an inhibitor of PKG (Fig. 2A, B), precluding the
involvement of downstream sGC and PKG. Altogether, our data suggest
that dapagliflozin-elicited vasodilation is independent of NO-sGC-PKG
signaling axis.
3

3.3. Role of endothelial PGI2 in dapagliflozin-induced mesenteric artery
vasodilation

PGI2 is another endothelium-derived vasodilator synthesized from
arachidonic acid by the action of cyclooxygenase (COX) enzyme. After



A. Hasan et al. Heliyon 8 (2022) e09503
release from endothelium, PGI2 binds to a Gs-coupled IP receptor on
arterial smooth muscle cells to induce vasodilation [30]. Here, we tested
the role of PGI2 production in dapagliflozin-evoked vasodilation. We
pre-incubated mesenteric arteries with a COX inhibitor indomethacin,
and then applied dapagliflozin and indomethacin together. Our data
showed that indomethacin did not attenuate dapagliflozin-induced
vasodilation in mesenteric arteries (Fig. 3A, B). Instead, it potentiated
dapagliflozin-evoked vasodilation by 38.65 � 11.10%. This data in-
dicates that dapagliflozin-evokedmesenteric artery vasodilation does not
require endothelial PGI2 production.

3.4. Dapagliflozin-induced vasodilation is not altered by endothelium
removal

To further evaluate the role of endothelium, we analyzed
dapagliflozin-induced vasodilation in the presence or absence of intact
endothelium in isolated arterial segments. Endothelium denudation was
performed and validated as described previously [25, 26, 27]. Briefly, we
compared 1 μM ACh-induced vasodilation in endothelium-intact and
endothelium-denuded arteries that had been pre-constricted with 1 μM
PE. ACh fully reversed PE constriction in endothelium-intact arteries
(99.77 � 0.20% reversal) but not in endothelium-denuded arteries (9.12
� 3.94% reversal) (Fig 4A, B). In contrast, SNP, an NO donor, reversed PE
constriction in endothelium-intact and -denuded arteries by 79.74 �
4.26% and 97.79 � 0.51%, respectively (Fig 4A, B). This data confirms
that endothelium denudation did not affect smooth muscle responses to
NO. Since ACh-evoked vasodilation is endothelium dependent, selective
loss this response indicates endothelium denudation [25, 26, 27]. We
then applied dapagliflozin in endothelium-intact and -denuded arteries.
Our data showed that both endothelium-intact and -denuded arteries had
similar vasodilatory responses to dapagliflozin (intact:100% versus
denuded: 99.40 � 11.45%) (Fig 4C, D), precluding the involvement of
endothelium. To sum, dapagliflozin-evoked vasodilation does not require
endothelial signaling.

3.5. Selective inhibition of KV7 but not KV1.5 or KV1.3 channels attenuates
dapagliflozin-induced vasodilation in mesenteric arteries

Arterial smooth muscle cell Kþ channels regulate membrane potential
and arterial tone [31]. In mesenteric artery smooth muscle cells, several
isoforms of KV channels were identified which, when open, cause smooth
muscle hyperpolarization and vasodilation [32, 33]. Here we assessed
Figure 3. Dapagliflozin-induced vasodilation in mesenteric arteries does not
depend on endothelial PGI2 production. (A) Pressure myography traces illus-
trating dapagliflozin (Dapa, 100 μM)-induced vasodilation in the presence or
absence of indomethacin (10 μM). (B) Mean data for Dapa-induced mesenteric
artery vasorelaxation, n ¼ 6, *p < 0.05 vs Dapa.
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the contribution of KV channels in dapagliflozin-induced vasodilation in
mesenteric arteries.

We found that 4-aminopyridine (4-AP), a non-selective KV channel
inhibitor [27, 32, 34], potently inhibited dapagliflozin-evoked vasodi-
lation to 20.51 � 3.86% (Fig 5A, B), suggesting that KV channel activa-
tion may underlie dapagliflozin-evoked vasodilation. We next assessed
the contribution of the major smooth muscle cell KV channel isoforms,
including KV1.3, KV1.5 and KV7 [32,33]. Our data showed that DPO-1, a
selective inhibitor of KV1.5 channel [35, 36], did not reduce
dapagliflozin-induced vasodilation (105.91 � 12.38% compared to
control (DAPA)). Importantly, application of 10 μM linopirdine, a blocker
of KV7 [37], reduced dapagliflozin-induced vasodilation to 61.86 �
10.95% (p ¼ 0.018) (Fig. 5C, D), suggesting a role for KV7 channel in
vasodilation. Concurrent inhibition of KV1.5 and KV7 channels produced
an additional suppression of dapagliflozin-induced vasodilation by 6%.
In contrast, application of psora-4, a selective inhibitor of KV1.3, did not
inhibit dapagliflozin responses in mesenteric arteries.

To further validate the physiological relevance of dapagliflozin-
induced vasodilation, we examined if dapagliflozin-evoked vasodilation
occurs at a physiologically relevant concentration, such as 0.5 μM, and if
this response is mediated by KV7 channels. Our data demonstrates that
0.5 μM dapagliflozin stimulated robust vasodilation. Application of two
well-characterized and selective inhibitors of KV7, linopirdine and XE
991, both produced substantial suppression of dapagliflozin-elicited
vasodilation (Figure 6), suggesting that KV7 channel activation is the
primary mechanism for dapagliflozin-evoked vasodilation in resistance
mesenteric arteries. Overall, these data demonstrate the physiological
relevance of our finding, and the involvement of KV7 channels in this
process.

3.6. Role of SGLT2 inhibition in mesenteric artery vasodilation

We asked if dapagliflozin-elicited vasodilation could be due to SGLT2
inhibition. In this regard, we first confirmed the expression of SGLT2
protein in rat mesenteric arteries. Western blotting data demonstrates
that SGLT2 protein is present in rat mesenteric arteries, as well as in
kidneys that served as the positive control (Figure 7a). Next, we applied
phlorizin, a non-selective inhibitor of SGLT1 and SGLT2, to mesenteric
arteries and analyzed its vasodilatory response. Our pressure myography
data showed that while dapagliflozin at 0.5 and 100 μM concentrations
produced ~67% and ~26% relaxation in PE-constricted mesenteric ar-
teries, 1 μM phlorizin did not induce any vasodilation (Fig. 7b, c).
Application of 100 μM dapagliflozin in the presence of phlorizin pro-
duced robust vasodilation, which is of the same magnitude as that pro-
duced by 100 μM dapagliflozin alone. These data suggest that
dapagliflozin-induced vasodilation is not a result of SGLT2 inhibition
but is an inherent property of this drug responsible for such a pleiotropic
vascular effect.

3.7. Dapagliflozin-induced vasodilation is not mediated by BKCa and KATP
channels

Large-conductance Ca2þ-activated Kþ channels (BKCa) and ATP-
sensitive Kþ channels (KATP) present in arterial smooth muscle also
regulate arterial contractility [38]. We therefore examined the role of
these Kþ channels in dapagliflozin-induced mesenteric artery vasodila-
tion. Our data showed that neither paxilline, a selective BKCa channel
blocker [39] nor glibenclamide, a selective inhibitor of KATP channels
[40], suppressed dapagliflozin-induced vasodilation (Fig 8a,b). This data
suggests that BKCa or KATP channels do not have significant contribution
in dapagliflozin-induced mesenteric artery vasorelaxation.

4. Discussion

This study, for the first time, demonstrated that acute dapagliflozin
application induces vasodilation in resistance mesenteric arteries. Our



Figure 4. Role of endothelium in dapagliflozin-induced vasodilation. (A) Original pressure myography traces illuminating responses of 1 μM PE-constricted endo-
thelium (endo) intact- and -denuded arteries to ACh (1 μM) and SNP (10 μM). (B) Mean data for ACh and SNP responses in endo-intact and -denuded vessels, n ¼ 4, *p
< 0.05 vs Endo-intact. (C) Myography traces for dapagliflozin (Dapa, 100 μM)-induced vasorelaxation in endo-intact and endo-denuded arteries. (D) Mean data, n ¼ 4.
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data showed that dapagliflozin-induced vasodilation is dependent on
selective stimulation of KV7 ion channels in arterial smooth muscle cells
and, independent of SGLT2 inhibition, KV1.3, KV1.5, BKCa, KATP channels
as well as endothelium-derived PGI2 and NO-sGC-PKG signaling axis.

Based on the positive outcomes from multiple, recent clinical trials,
there is a huge enthusiasm in dapagliflozin and other SGLT2 inhibitors
for their ability to reduce cardiovascular death in diabetic patients [12,
41]. Dapagliflozin treatment was reported to lower systemic blood
pressure [9, 11, 12, 16, 42], which may reduce the risk of death from
cardiovascular diseases [11]. As resistance vessels contribute to total
peripheral resistance and systemic blood pressure, dapagliflozin may
lower blood pressure by relaxing resistance arteries such as the mesen-
teric arteries studied here. However, studies to examine the role of
dapagliflozin in resistance artery contractility are lacking. A previous
study reported that dapagliflozin relaxes rabbit aorta [13], a conduit
vessel that does not regulate vascular resistance and systemic blood
pressure. Here we demonstrate that dapagliflozin elicits vasodilation in
resistance-size mesenteric arteries. This finding is significant as it may
lower blood pressure and improve cardiovascular health, which in turn,
could reduce cardiovascular morbidity and mortality. However, future
studies should examine if acute dapagliflozin treatment causes resistance
artery vasodilation and lowers systemic blood pressure in-vivo. Chronic
vascular inflammation leads to endothelial dysfunction, smooth muscle
proliferation and arterial stiffness, which elevate blood pressure. Previ-
ous studies suggest that SGLT2 inhibitors reduce vascular oxidative stress
[6, 17, 18, 19, 20, 21, 22, 23, 28], arterial contractility [13, 16, 43], and
arterial stiffness [43, 44]. Therefore, dapagliflozin may contribute to
5

long-term blood pressure regulation by reducing both arteriolar tone and
vascular inflammation.

Arterial smooth muscle and endothelial cells express many Kþ

channels that regulate membrane potential and vessel tone [31, 32, 33].
Our data suggests that dapagliflozin-induced vasodilation is primarily
mediated by a specific subtype of KV channel KV7 in mesenteric artery
smooth muscle cells. This is demonstrated by a significant reduction of
dapagliflozin-mediated vasodilation by selective inhibition of KV7
channels as well as by non-selective inhibition of KV channels. Our
finding is partly in agreement with a previous study which reported that
non-selective inhibition of smooth muscle cell KV channels markedly
attenuated aorta relaxation by dapagliflozin [13]. In aorta, selective
stimulation of KV1.5 channel by dapagliflozin was implicated in aortic
relaxation [13]. This is in contrast with our finding that dapagliflozin
selectively stimulates smooth muscle cell KV7 channels to induce
vasodilation in resistance-size mesenteric arteries. However, it is
possible that other Kþ channels in addition to those studied here may be
involved as well. Dapagliflozin in aorta was proposed to activate PKG
and, subsequently Kþ channels to relax aorta [13]. However, our data
suggests that neither PKG activation nor the activation of NO-sGC-PKG
signaling axis has any role in mesenteric artery vasodilation by dapa-
gliflozin. Therefore, the observed differences in dapagliflozin-induced
signal transduction may be due to the difference in vascular microen-
vironment where PKG activation in aortic smooth muscle cells and
downstream activation of KV channels may be required for aorta
relaxation, but a direct stimulation of KV7 channels is sufficient to
induce vasodilation in resistance mesenteric arteries. In a recent study,



Figure 5. Role of Kv channels in dapagliflozin-
induced mesenteric artery vasodilation. (A) Original
pressure myography traces showing that the inhibi-
tion of KV channels reduce dapagliflozin (Dapa, (100
μM))-elicited vasodilation in mesenteric arteries. (B)
Mean data showing that 4-AP, a non-selective KV

channel inhibitor, attenuated Dapa-induced vaso-
relaxation, n ¼ 4, *p < 0.05 vs Dapa. (C) Pressure
myography traces showing the modulation of Dapa-
induced vasorelaxation by selective inhibitors of
KV1.5, KV7 and KV1.3 channels. (D) Mean data, n ¼
5–8, *p < 0.05 vs Dapa. Concentrations of DPO-1,
linopirdine and psora-4 were 1 μM, 10 μM, and 100
nM, respectively.

Figure 6. Role of smooth muscle cells KV7 channels
in dapagliflozin-induced vasodilation. (A) Original
traces demonstrating that dapagliflozin at a physio-
logically relevant concentration of 0.5 μM stimulates
mesenteric artery relaxation, and this can be blocked
by KV7 ion channel inhibitors linopirdine (Lino, 10
μM) and XE991 (10 μM). (B) Mean data comparing
0.5 μM dapagliflozin-induced mesenteric artery vaso-
dilation with or without KV7 channel inhibitors, n ¼
4, *p < 0.05 vs 0.05 μM Dapa.
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empagliflozin was shown to stimulate KV1.5 and KV7 channels in arte-
rial smooth muscle cells, leading to vasodilation in mesenteric arteries
[15]. In general, our findings and previous reports are consistent with
the notion that SGLT2 inhibitors may act as Kþ channel openers. Our
data demonstrate that SGLT2 protein is expressed in mesenteric arteries,
which is consistent with a recent report confirming the presence of
6

SGLT2 in human adipose tissue arterioles [14]. De Stefano al., (2021)
[14] suggested that SGLT2 inhibition and the inhibition of Naþ/Hþ

exchanger by canagliflozin underlie its vasodilatory action in human
adipose arterioles. In contrast, our data demonstrates that
dapagliflozin-evoked vasodilation is not due to the inhibition of SGLT2
as non-selective inhibition of SGLT1 and SGLT2 by phlorizin did not



Figure 7. Dapagliflozin-evoked vasorelaxation is independent of SGLT2 inhibition. A) A Western blot image demonstrating the expression of SGLT2 protein in SD rat
kidneys and in mesenteric arteries. n ¼ 4. B) Original traces illustrating vasodilation induced by dapagliflozin (100 μM and 0.5 μM) and phlorizin (1 μM) alone, and in
combination. C) Mean data comparing vasorelaxation, n ¼ 6. *p < 0.05 vs 100 μM Dapa, #p < 0.05 vs 0.5 μM Dapa.

Figure 8. Role of smooth muscle cell BKCa, KATP channels in dapagliflozin-
evoked mesenteric artery vasodilation. (A) Original pressure myography traces
showing that BKCa and KATP channel inhibition did not reduce dapagliflozin
(Dapa)-induced vasorelaxation. (B) Mean data showing that the inhibition of
BKCa channels by paxilline (10 μM) or KATP channels by glibenclamide (10 μM)
did not inhibit Dapa-induced vasorelaxation, n ¼ 4–6.
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induce vasodilation but the application dapagliflozin on top of phlorizin
did. Of note, this study on the vasodilatory effect of canagliflozin was
conducted using adipose arterioles from obese human subjects that
received medications [14]. Since arterial contractility is regulated
differently between different species, different vessel types as well as in
health and disease, these factors may have contributed to the observed
differences in the mechanism of vasodilation produced by canagliflozin
and dapagliflozin. Moreover, it remains unknown if there is an altered
expression and function of KV channels in those patients due to obesity
and the use of medications, which may be responsible for the con-
trasting observations. Overall, our data suggests that the vasodilatory
action is an intrinsic property of dapagliflozin (as well as several other
FDA-approved SGLT2 inhibitors) that may not be related to the inhi-
bition of SGLT2 per se, rather, it is mediated by their action on other
molecular targets including KV channels. Depending on the chemical
structures and vascular microenvironment, this class of drugs are likely
to induce vasodilation in other vascular beds, which may improve blood
flow and reduce blood pressure. Regardless of the underlying mecha-
nisms involved, mesenteric artery vasodilation by dapagliflozin is likely
7

to reduce peripheral resistance, systemic blood pressure, which may
lead to improved cardiovascular outcomes observed in clinical trials.

One of the drawbacks of our study is that it solely relied on the PE-
induced constriction model to study the vasorelaxing property of dapa-
gliflozin. The arteries developed <5% myogenic tone at 40 mmHg.
Therefore, it did not interfere with myogenic vasoconstriction that de-
velops at higher intraluminal pressures such as at 80 mmHg (~25% tone
at 80 mmHg). The use of myogenic arteries at a physiological intra-
luminal pressure could enhance the physiological relevance of our find-
ings. Another limitation is that we only provided pharmacological
evidence for the involvement of KV7 channels in dapagliflozin-evoked
vasodilation. Use of electrophysiology and membrane potential mea-
surement, and isoform-specific knockdown of KV7 channels could pro-
vide further mechanistic insights.

A growing body of evidence suggests that dapagliflozin and other
SGLT2 inhibitors have a range of beneficial effects in the cardiovascular
system [6, 9, 17, 18, 19, 20, 21, 22, 28]. Proposed mechanisms by which
SGLT2 inhibitors may exert glucose-independent, pleiotropic cardiovas-
cular benefits include reduction of vascular tone, vascular inflammation
and atherosclerosis, modulation of sympathetic tone, modulation of
natriuretic peptide, inhibition of sodium hydrogen exchange and others
[41]. This suggests that in addition to blocking SGLT2 in the renal tubule,
these drugs likely have other molecular targets in different cells, tissues,
and organ systems that may result in beneficial cardiovascular effects.
Our study identifies KV7 ion channels in mesenteric artery smoothmuscle
cells as an important target for dapagliflozin action that produces vaso-
dilation. Future studies will be required to understand if such vasodila-
tion translates into blood pressure reduction in-vivo, in both healthy and
diabetic subjects.

5. Conclusions

Our data suggests that acute dapagliflozin exposure relaxes small
mesenteric arteries, primarily by stimulating KV7 ion channels. Vaso-
dilatory effect of dapagliflozin may be clinically relevant for its antihy-
pertensive action as well as for reducing the risk of cardiovascular deaths
in diabetic patients. Due to a growing trend of coexisting diabetes and
hypertension, the use of dapagliflozin as well as other SGLT2 inhibitors in
this high-risk population may complement antihypertensive therapy.
Thus, dapagliflozin-elicited vasodilation and potentially blood pressure
reduction may reduce the overall risk of hypertension-associated adverse
cardiovascular events such as heart attack and stroke.
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