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Abstract: SGLT-2i’s exert direct anti-inflammatory and anti-oxidative effects on resting endothelial
cells. However, endothelial cells are constantly exposed to mechanical forces such as cyclic stretch.
Enhanced stretch increases the production of reactive oxygen species (ROS) and thereby impairs
endothelial barrier function. We hypothesized that the SGLT-2i’s empagliflozin (EMPA), dapagliflozin
(DAPA) and canagliflozin (CANA) exert an anti-oxidative effect and alleviate cyclic stretch-induced
endothelial permeability in human coronary artery endothelial cells (HCAECs). HCAECs were pre-
incubated with one of the SGLT-2i’s (1 µM EMPA, 1 µM DAPA and 3 µM CANA) for 2 h, followed
by 10% stretch for 24 h. HCAECs exposed to 5% stretch were considered as control. Involvement of
ROS was measured using N-acetyl-l-cysteine (NAC). The sodium-hydrogen exchanger 1 (NHE1) and
NADPH oxidases (NOXs) were inhibited by cariporide, or GKT136901, respectively. Cell permeability
and ROS were investigated by fluorescence intensity imaging. Cell permeability and ROS produc-
tion were increased by 10% stretch; EMPA, DAPA and CANA decreased this effect significantly.
Cariporide and GKT136901 inhibited stretch-induced ROS production but neither of them further
reduced ROS production when combined with EMPA. SGLT-2i’s improve the barrier dysfunction
of HCAECs under enhanced stretch and this effect might be mediated through scavenging of ROS.
Anti-oxidative effect of SGLT-2i’s might be partially mediated by inhibition of NHE1 and NOXs.

Keywords: sodium glucose co-transporter 2 inhibitors (SGLT-2i’s); cell permeability; reactive oxygen
species (ROS); sodium-hydrogen exchanger 1 (NHE1); NADPH oxidases (NOXs)

1. Introduction

Cardiovascular diseases are the leading cause of death and disability around the
world, especially in patients with diabetes [1]. Clinical trials showed that sodium glucose
co-transporter 2 inhibitors (SGLT-2i’s), a class of novel glucose lowering agents, improve
cardiovascular outcomes in diabetic [2,3] and non-diabetic patients [4]. One contribut-
ing mechanism could be the direct endothelial protective effect of SGLT-2i’s. Endothe-
lial dysfunction plays a pivotal role in the progression of heart failure (HF). Increased
ROS production within endothelial cells limits nitric oxide (NO) bioavailability for ad-
jacent cardiac myocytes and decreases protein kinase G activity, which favours cardiac
hypertrophy via hypophosphorylation of titin [5]. An in vivo experiment suggested that
canagliflozin (CANA) restored endothelium-dependent relaxation of pulmonary arteries
in hyperglycemic mice [6]. Recently, another study showed that empagliflozin (EMPA)

Int. J. Mol. Sci. 2021, 22, 6044. https://doi.org/10.3390/ijms22116044 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2239-1260
https://orcid.org/0000-0003-2580-768X
https://orcid.org/0000-0001-8361-2448
https://orcid.org/0000-0003-4412-9183
https://orcid.org/0000-0003-1111-9042
https://doi.org/10.3390/ijms22116044
https://doi.org/10.3390/ijms22116044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22116044
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22116044?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 6044 2 of 15

attenuated diastolic function in non-diabetic HF pigs via restoration of NO availability and
PKG activity [7]. The improved diastolic function might explain the beneficial effect of
EMPA on patients with HF [8,9]. Additionally, an in vitro study showed that EMPA amelio-
rated the inflammatory reaction of hyperglycemia-treated endothelial cells [10]. EMPA and
dapagliflozin (DAPA) prevented inflammation induced reactive oxygen species (ROS) pro-
duction in human endothelial cells [11,12]. Those experiments were performed in resting
endothelial cells, while in situ endothelial cells are constantly exposed to mechanical forces,
e.g., cyclic stretch caused by contraction and relaxation of arteries [13]. Physiological cyclic
stretch plays a crucial role in preserving endothelial monolayer integrity [14], whereas,
under pathological circumstances (e.g., hypertension), enhanced stretch induces ROS ac-
cumulation, inflammatory reactions, vascular stiffness and ultimately endothelial barrier
dysfunction [15,16]. Using the Flexcell® Tension Systems, in vitro stretch experiments
showed that 10% cyclic stretch promoted endothelium-monocyte adhesion and disrupted
the integrity of the endothelial monolayer [17,18]. In contrast, 5% stretch did not induce
endothelial dysfunctions and could therefore resemble a physiological condition [17].

ROS play an essential role in regulating the vascular function and might influence
endothelial barrier dysfunction [19]. Increased ROS production promoted internalization
and degradation of vascular endothelial (VE)-cadherin, the major component of adherent
junctions (AJs) between endothelial cells, and therefore disrupted the integrity of the
endothelial monolayer and increased endothelial permeability [20,21]. In alveolar epithelial
cells, enhanced stretch promoted ROS production and subsequently increased cellular
permeability; scavenging ROS reverted this stretch-induced barrier dysfunction, suggesting
that ROS promote the permeability of dynamic cells [22].

Based on the fact that SGLT-2i’s reduce ROS production in resting human endothelial
cells [11,12], and that enhanced cyclic stretch increases oxidative stress and cell permeability
of endothelial cells [19], we hypothesized that SGLT-2i’s exert an anti-oxidative effect on
stretched HCAECs and thereby ameliorate stretch-induced endothelial barrier dysfunction.

2. Results
2.1. SGLT-2i’s Prevent Increased Cell Permeability and ROS Production of HCAECs Exposed to
10% Stretch

Compared with 5% stretch, 10% stretch increased cell permeability 1.61 ± 0.43 fold.
1 µM EMPA, 1 µM DAPA and 3 µM CANA significantly decreased the 10% stretch-induced
cell permeability (x-fold compared to 5% stretch, EMPA: 1.20 ± 0.46, DAPA: 1.06 ± 0.37,
CANA: 1.20 ± 0.39, p all <0.001 vs. 10% stretch, Figure 1a).

Additionally, 10% stretch increased ROS production 2.39 ± 0.95 fold, 1 µM EMPA,
1 µM DAPA and 3 µM CANA significantly reduced the 10% stretch-induced ROS pro-
duction (x-fold compared to 5% stretch, EMPA: 1.55 ± 0.98, DAPA: 1.41 ± 0.77, CANA:
1.80 ± 0.87, p all <0.05 vs. 10% stretch, Figure 1b), suggesting a class anti-oxidative effect of
SGLT-2i’s.
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Figure 1. SGLT-2i’s inhibit barrier leakage and ROS production of HCAECs exposed to 10% stretch. 
Cells were pre-incubated for 2 h with vehicle or one of the SGLT-2i’s (1 µM EMPA, 1 µM DAPA 
and 3 µM CANA), and were subsequently exposed to 5% stretch plus vehicle, 10% stretch with 
vehicle or SGLT-2i’s for 24 h. Cell permeability was measured with live cell imaging, and 6 images 
were made from each condition in each individual experiment (a) n = 5 individual experiments). 
ROS levels were measured at 24 h, and six images were taken from each condition in each individual 
experiment (b) n = 5 individual experiments). Representative images are shown in the lower panel 
and data are presented as mean ± SD. * p < 0.05 vs. 10% stretch, *** p < 0.001 vs. 10% stretch. 

2.2. SGLT-2i’s Revert Loss of VE-Cadherin Induced by 10% Stretch 
Fluorescence staining suggested that HCAECs exposed to 10% stretch showed elon-

gation in morphology and loss of VE-cadherin. All three SGLT-2i’s restored VE-cadherin 
loss but did not attenuate altered morphology caused by 10% stretch (Figure 2a). Western 
Blot was carried out to confirm changes in VE-cadherin expression: EMPA, DAPA and 
CANA reverted stretch induced VE-cadherin degradation (x-fold compared to 5% stretch, 
EMPA: 0.90 ± 0.11 vs. 10% stretch: 0.67 ± 0.15, DAPA: 0.95 ± 0.09 vs. 10% stretch: 0.69 ± 
0.07, CANA: 0.99 ± 0.12 vs. 10% stretch: 0.76 ± 0.11, p all <0.05, Figure 2b–d). None of the 
SGLT-2i’s influenced permeability and VE-cadherin expression of HCAECs exposed to 
5% stretch (Figure S1a,b). 

Figure 1. SGLT-2i’s inhibit barrier leakage and ROS production of HCAECs exposed to 10% stretch.
Cells were pre-incubated for 2 h with vehicle or one of the SGLT-2i’s (1 µM EMPA, 1 µM DAPA and
3 µM CANA), and were subsequently exposed to 5% stretch plus vehicle, 10% stretch with vehicle or
SGLT-2i’s for 24 h. Cell permeability was measured with live cell imaging, and 6 images were made
from each condition in each individual experiment (a) n = 5 individual experiments). ROS levels
were measured at 24 h, and six images were taken from each condition in each individual experiment
(b) n = 5 individual experiments). Representative images are shown in the lower panel and data are
presented as mean ± SD. * p < 0.05 vs. 10% stretch, *** p < 0.001 vs. 10% stretch.

2.2. SGLT-2i’s Revert Loss of VE-Cadherin Induced by 10% Stretch

Fluorescence staining suggested that HCAECs exposed to 10% stretch showed elonga-
tion in morphology and loss of VE-cadherin. All three SGLT-2i’s restored VE-cadherin loss
but did not attenuate altered morphology caused by 10% stretch (Figure 2a). Western Blot
was carried out to confirm changes in VE-cadherin expression: EMPA, DAPA and CANA
reverted stretch induced VE-cadherin degradation (x-fold compared to 5% stretch, EMPA:
0.90 ± 0.11 vs. 10% stretch: 0.67 ± 0.15, DAPA: 0.95 ± 0.09 vs. 10% stretch: 0.69 ± 0.07,
CANA: 0.99 ± 0.12 vs. 10% stretch: 0.76 ± 0.11, p all <0.05, Figure 2b–d). None of the
SGLT-2i’s influenced permeability and VE-cadherin expression of HCAECs exposed to 5%
stretch (Figure S1a,b).
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Figure 2. SGLT-2i’s restore VE-cadherin loss of HCAECs exposed to 10% stretch. Cells were treated 
with 5% stretch plus vehicle, 10% stretch plus either vehicle or one of the SGLT-2i’s (1 µM EMPA, 1 
µM DAPA and 3 µM CANA). VE-cadherin and F-actin were stained after 24 h, and representative 
images of staining are presented (a) n = 3. VE-cadherin levels were quantified with western blot for 
EMPA treatment (b) n = 6, DAPA treatment (c) n = 6 and CANA treatment (d) n = 6. Representative 
bands of VE-cadherin and ɑ-tubulin (internal reference) are shown in the lower panels of each bar 
graph (b–d) and data are presented as mean ± SD. * p < 0.05 vs. 10% stretch, ** p < 0.01 vs. 10% stretch, 
*** p < 0.001 vs. 10% stretch. Whole (uncropped) western blots can be found as supplemental infor-
mation). 

2.3. EMPA-Related Improvement of Endothelium Barrier Dysfunctions Might Be Mediated by 
ROS Inhibition 

Previous studies showed that ROS promotes cellular permeability [23]. As part of our 
experiments, we also found that pyocyanin, a previously reported ROS inducer [24], in-
creased endothelial permeability and disrupted VE-cadherin of HCAECs (Figure S3a,b). 

NAC (5 mM) was applied on cells exposed to 10% stretch and it was found that NAC 
almost completely reverted the stretch induced ROS production (x-fold compared to 5% 
stretch, NAC: 1.13 ± 0.58 vs. 10% stretch: 2.48 ± 1.30, p < 0.001, Figure 3a). Fluorescence 
staining showed that 5 mM NAC also reverted stretch-induced VE-cadherin loss of 
HCAECs, without attenuating elongation of cells (Figure 3b), and NAC significantly de-
creased cell permeability (x-fold compared to 5% stretch, NAC: 1.04 ± 0.28 vs. 10% stretch: 
1.48 ± 0.54, p < 0.001). Furthermore, compared with 1 µM EMPA, the combination of NAC 

Figure 2. SGLT-2i’s restore VE-cadherin loss of HCAECs exposed to 10% stretch. Cells were treated
with 5% stretch plus vehicle, 10% stretch plus either vehicle or one of the SGLT-2i’s (1 µM EMPA,
1 µM DAPA and 3 µM CANA). VE-cadherin and F-actin were stained after 24 h, and representative
images of staining are presented (a) n = 3. VE-cadherin levels were quantified with western blot for
EMPA treatment (b) n = 6, DAPA treatment (c) n = 6 and CANA treatment (d) n = 6. Representative
bands of VE-cadherin and α-tubulin (internal reference) are shown in the lower panels of each bar
graph (b–d) and data are presented as mean ± SD. * p < 0.05 vs. 10% stretch, ** p < 0.01 vs. 10%
stretch, *** p < 0.001 vs. 10% stretch. Whole (uncropped) western blots can be found as supplemental
information).

2.3. EMPA-Related Improvement of Endothelium Barrier Dysfunctions Might Be Mediated by
ROS Inhibition

Previous studies showed that ROS promotes cellular permeability [23]. As part of
our experiments, we also found that pyocyanin, a previously reported ROS inducer [24],
increased endothelial permeability and disrupted VE-cadherin of HCAECs (Figure S3a,b).

NAC (5 mM) was applied on cells exposed to 10% stretch and it was found that NAC
almost completely reverted the stretch induced ROS production (x-fold compared to 5%
stretch, NAC: 1.13 ± 0.58 vs. 10% stretch: 2.48 ± 1.30, p < 0.001, Figure 3a). Fluores-
cence staining showed that 5 mM NAC also reverted stretch-induced VE-cadherin loss
of HCAECs, without attenuating elongation of cells (Figure 3b), and NAC significantly
decreased cell permeability (x-fold compared to 5% stretch, NAC: 1.04 ± 0.28 vs. 10%
stretch: 1.48 ± 0.54, p < 0.001). Furthermore, compared with 1 µM EMPA, the combination



Int. J. Mol. Sci. 2021, 22, 6044 5 of 15

of NAC and EMPA did not further reduce the increased cell permeability of HCAECs
exposed to 10% stretch (x-fold compared to 5% stretch, EMPA+NAC: 0.96 ± 0.34 vs. EMPA
alone: 1.07 ± 0.36, p > 0.05, Figure 3c), suggesting that the protective effect of EMPA might
be mediated through ROS inhibition.
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Figure 3. Alleviated stretch induced barrier dysfunction by EMPA might be mediated through ROS
inhibition. ROS measurement and immunofluorescence staining were carried out in cells treated
with 5% stretch plus vehicle, 10% stretch plus either vehicle or 5 mM NAC. After 24 h, 6 images per
condition were taken from each individual experiment for ROS measurement (a) n = 5 individual
experiments. Representative images of VE-cadherin and F-actin staining are presented in (b) (n = 3).
Cell permeability was measured in cells treated with 5% stretch plus vehicle, 10% stretch plus vehicle,
1 µM EMPA, 5 mM NAC or combination of EMPA and NAC. Six images per condition were taken
from each individual experiment (c, n = 5 individual experiments). Representative images of ROS
and cell permeability are shown in the lower panel of each bar graph (a,c) and data are presented as
mean ± SD. *** p < 0.001 vs. 10% stretch. ns: not significant.

2.4. ROS Inhibition of EMPA Might Partly Be Mediated through Inhibiting NHE1 and NOXs

Cariporide (10 µM) significantly reduced ROS production of cells undergoing 10%
stretch (x-fold compared to 5% stretch, cariporide: 1.32 ± 0.89 vs. 10% stretch: 2.48 ± 1.30,
p < 0.001). The combination of cariporide with EMPA did not further reduce ROS produc-
tion (x-fold compared to 5% stretch, EMPA+cariporide: 1.47 ± 0.85 vs. EMPA, p > 0.05,
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Figure 4a). These results correspond to the previous study showing that cariporide inhibits
ROS in endothelial cells, however in that study EMPA had also an inhibitory effect on ROS
largely unrelated to NHE 1 inhibition [11].
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2.5. SGLT-2i’s Do Not Inhibit Interleukin Secretions of HCAECs Exposed 10% Stretch 
Compared with 5% stretch, 10% stretch increased IL-6 and IL-8 secretions of 

HCAECs, which were not inhibited by EMPA, DAPA or CANA (Figure 5a–f). 

Figure 4. ROS inhibition by SGLT-2i’s might be mediated through inhibition of NHE1 and NOXs.
ROS levels were measured in cells treated with 5%. stretch, 10% stretch plus vehicle, 1 µM EMPA,
10 µM cariporide/1 µM GKT136901 and combination of EMPA and cariporide/GKT136901 (a,b).
Six images were taken from each individual experiment (a) n = 5 individual experiments; (b) n = 5
individual experiments. Cell permeability was measured in HCAECs treated with 5% stretch plus
vehicle, 10% stretch plus either vehicle, 10 µM cariporide or 1 µM GKT136901 (c,d). Six images of
each condition were taken from each individual experiment (c, n = 5 individual experiments; (d) n = 5
individual experiments. Representative images are shown in the lower panels and data are presented
as mean ± SD. ** p < 0.01 vs. 10% + Vehicle, *** p < 0.001 vs. 10% + Vehicle. ns: not significant.

Regarding potential targets involved in ROS production, a previous study showed that
enhanced cyclic stretch activated NOXs, leading to ROS production [15]. Correspondingly,
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1 µM GKT136901 (a specific inhibitor for NOX1 and NOX4) significantly decreased ROS
production of cells exposed to 10% stretch (x-fold compared to 5% stretch, GKT136901:
1.30 ± 0.79 vs. 10% stretch: 2.19 ± 1.12, p < 0.001). A combination of GKT136901 and EMPA
exerted a similar inhibitory effect, comparable to EMPA alone (x-fold compared to 5%
stretch, EMPA+GKT136901: 1.34 ± 0.58 vs. EMPA alone: 0.96 ± 0.54, p > 0.05, Figure 4b),
suggesting that the inhibition of NOXs next to, or located upstream of NHE1, mediated the
inhibition of ROS by EMPA in stretched endothelial cells.

Additionally, cariporide and GKT136901 both reverted the increase in cell permeability
caused by 10% stretch (Figure 4c,d), further suggesting that ROS inhibition could be the
mechanism behind the anti-leakage effects of SGLT-2i’s.

2.5. SGLT-2i’s Do Not Inhibit Interleukin Secretions of HCAECs Exposed 10% Stretch

Compared with 5% stretch, 10% stretch increased IL-6 and IL-8 secretions of HCAECs,
which were not inhibited by EMPA, DAPA or CANA (Figure 5a–f).
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Figure 5. SGLT-2i’s do not inhibit interleukin secretion of endothelial cells exposed to 10% stretch.
Cells were pre-incubated for 2 h with vehicle or one of SGLT-2i’s (1 µM EMPA, 1 µM DAPA and
3 µM CANA), and were subsequently exposed to 5% stretch plus vehicle, 10% stretch with vehicle
or SGLT-2i’s for 24 h. IL-6 and IL-8 were measured by ELISA (a–f) n = 6. Data are presented as
mean ± SD. * p < 0.05 vs. 10% stretch. ns: not significant.
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3. Discussion

The major findings of the present study are: (1) SGLT-2i’s revert the increase in
endothelial permeability and degradation of VE-cadherin caused by enhanced cyclic stretch;
(2) this effect might be mediated through ROS inhibition; and (3) EMPA-related reduction
in ROS production in stretched cells is likely mediated via inhibition of NHE1 and NOXs.

3.1. SGLT-2i’s Improve Stretch-Induced Endothelial Barrier Dysfunction

Enhanced stretch increased cell permeability of HCAECs and caused VE-cadherin
breakdown. All three SGLT-2i’s, EMPA, DAPA and CANA reverted this stretch-induced
cellular permeability and VE-cadherin degradation of HCAECs.

Previous studies suggested that endothelial cells exposed to enhanced stretch show
increased permeability [25], which was partly mediated by polymerization of F-actin and
disruption of VE-cadherin-mediated AJs [26]. Enhanced stretch also induced phospho-
rylation of VE-cadherin at Tyr658 via activating the vascular endothelial growth factor
pathway, thus leading to the internalization and degradation of VE-cadherin [25]. Corre-
spondingly, our data (Figure 2a–d) show that pathologically enhanced stretch increases
endothelial permeability via VE-cadherin degradation, which is illustrated by compro-
mised VE-cadherin mediated junctions in immunofluorescence staining and the decreased
VE-cadherin expression in western blots.

3.2. SGLT-2i’s Inhibit ROS Production under Cyclic Stretch

In vivo data suggested that enhanced stretch induced oxidative stress in arteries [13],
and in line with these previous findings we demonstrated in vitro that 10% stretch increased
ROS production in HCAECs (Figure 1b), with ROS being a crucial promoter for endothelial
dysfunction [23,27]. Previous data proved that EMPA and DAPA inhibited inflammation
induced ROS production in resting endothelial cells [11,12], thereby restoring nitric oxide
bioactivity and ameliorating endothelial dysfunctions. In the present study, we report that
SGLT-2i’s attenuated oxidative stress in HCAECs exposed to enhanced stretch.

To look into the functional link between ROS and cell permeability, we applied py-
ocyanin on static cells to induce ROS production [12,24]. We observed a strong increase
in endothelial permeability along with F-actin polymerization and VE-cadherin disrup-
tion in cells treated with pyocyanin (Figure S3a,b). These findings indicate the role of
ROS as a potential permeability triggering factor, with probably multiple pathways con-
tributing. For instance, enhanced ROS activate Rho signaling pathways and promote the
polymerization of F-actin, thus disrupting the structure of VE-cadherin mediated AJs [28].
Furthermore, ROS directly caused Src-dependent degradation of VE-cadherin from AJs,
leading to impaired endothelial barrier function [29]. The scavenging ROS in our model
reverted the increased ROS levels caused by 10% stretch and concomitantly alleviated the
stretch induced VE-cadherin disruption and endothelial permeability. This is consistent
with a previous study showing that ROS inhibition decreased stretch induced alveolar
epithelial permeability [22]. Intriguingly, we found that EMPA and NAC protected the cells
to a similar extent; the combination of the two agents did not further increase this effect.
Taken together, these findings suggest that ROS inhibition might be a crucial mechanism
by which SGLT-2i’s prevent stretch-induced endothelial permeability.

3.3. NHE1 and NOXs Might Be Partially Involved in the Anti-Oxidative Effect of EMPA

In order to elucidate the underlying mechanism of the anti-oxidative effect of SGLT2i’s
in our model, we focused on EMPA and specifically inhibited NHE1 and NOXs with
cariporide and GKT136901, respectively. Cariporide and GKT136901 almost completely
blocked the stretch induced ROS production, and neither of them further reduced ROS
production when combined with EMPA, suggesting that the ROS inhibition of EMPA is
partially mediated by NHE1 and NOXs.

Previous studies of our group suggested the cardiovascular protective effects of SGLT-
2i’s were partly mediated via NHE1 inhibition [30–32]. SGLT-2i’s inhibited NHE1 activation
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and sodium influx in isolated mice hearts, thus inducing coronary vasodilation. Addi-
tionally, stretch directly activated NHE1 of cardiac myocytes, in turn promoting a calcium
influx and increasing heart contraction force [33]. DAPA reduced NHE1 expression in
cardiomyocytes, thus lowering intracellular sodium concentration and improving myocar-
dial function of diabetic mice [34]. Juni et al. also found that cariporide reduced ROS
production of endothelial cells by 38%, however they also found that EMPA could reduce
ROS even more in the presence of cariporide suggesting an effect of EMPA unrelated
to NHE1 [11]. Another study showed that cariporide attenuated homocysteine induced
endothelial dysfunction via reducing oxidative stress and inflammatory reactions [35]. In
line with these studies we here prove that NHE1 activation is involved in stretch-induced
ROS production of HCAECs and that the anti-oxidative effect of EMPA might be partly
mediated via NHE1 inhibition. However, there is an ongoing discussion about the role
of NHE1 activity in the cardiovascular protection of SGLT-2i’s. Chung and his colleagues
reported a neutral effect of EMPA on NHE1 activity with isolated rat myocytes [36], which
is contrary with a more recent study conducted by Zuurbier et al. [37].

Another source of ROS in blood vessels are NOXs; previous studies showed that
enhanced cyclic stretch significantly increased expression levels of NOX2 and NOX4, and
apocynin (a specific NOX2 blocker) reverted this effect in endothelial cells [13,38]. In mice,
EMPA reverted upregulation of NOX2 and NOX4 and attenuated ischemia-reperfusion
injury in the kidneys, suggesting inhibition of NOXs might be another mechanism for ROS
inhibition of EMPA [39].

Interestingly, GKT136901 and cariporide exerted similar anti-oxidative effects on
stretched HCAECs in our study. Several studies revealed the potential interactions between
NOXs and NHE1 in oxidative stress of endothelial cells. Activated NOXs produced
hydrogen peroxide, a type of stable ROS that maintains the opening of mitochondrial
ATP-dependent potassium channels (mitoKATP) and thus enhances the production of
mitochondrial ROS by the electron transport chain [40,41]. Mitochondrial ROS are then
released to cytosol and in turn activates NHE-1 and sodium–calcium exchange, promoting
influx of calcium into the cytosol [42]. Finally, increased cytosolic calcium enhances
mitochondrial calcium load and further promotes ROS production [43].

Taken together, our data support that NOXs and NHE1 might contribute to the
enhanced ROS production in stretched HCAECs, but how SGLT-2i’s interrupt this signaling
cascade is still unclear and warrants further investigations.

3.4. SGLT-2i’s Do Not Alter Interleukin Secretion of Stretched Cells

In vivo and in vitro studies have shown that pathological mechanical forces stimulate
cytokine production and expression of adhesion molecules, leading to stiffness of vessels
and monocyte adhesion [17,44]. Interestingly, none of the three SGLT-2i’s inhibited stretch-
induced interleukin secretion (Figure 5), which is in contrast to previous data showing
that SGLT-2i’s inhibit interleukin production of endothelial cells from humans, as well as
from ApoE(-/-) mice [45,46]. One potential explanation might be that the stretch-induced
interleukin secretion of HCAECs is much milder than that caused by lipopolysaccharide
(1.5–2 fold vs. 6–7 fold) [46], making it a less optimal model to investigate the potential
anti-inflammatory effects of SGLT-2i’s.

3.5. Limitation and Conclusions

This study was only performed in HCAECs from non-diabetic donors and further
research is required to test the effects of SGLT-2i’s in diabetic cells. For the underlying
mechanisms of ROS inhibition by SGLT-2i’s, we indirectly demonstrated that inhibition of
NHE1 and NOXs is involved, and how they interact in stretch-induced oxidative stress is
yet unknown. Another drawback of this study is that we did not look into the involvement
of SGLT-2 in the observed effects. However, the expression of SGLT-2 in human ECs is
highly questionable. Using western blot, we recently reported a potential signaling of
SGLT-2 in HCAECs, but as the bands persisted existing after the target gene was silenced
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at mRNA level, we doubted the specificity of these bands and performed qPCR targeting
SGLT2 in HCAEC showing no detectable levels of SGLT2 [12]. In animal endothelial
cells however, the presence of SGLT-2 within has been recently proven [10], but these
findings might not be comparable to our data because of the different species. Moreover,
investigations into other mechanisms underlying SGLT-2i’s anti-oxidative effect are needed.
For instance, EMPA might attenuate the overproduction of ROS in endothelial cells via
ameliorating mitochondrial injury [11]. Another study suggested that the beneficial effect
of EMPA on mitochondria was mediated via the activation of adenosine monophosphate-
activated protein kinase AMPK [47]. However, the involvement of AMPK phosphorylation
is still under discussion. In the previous studies of Uthman et al., AMPK activation was
not observed in EMPA or DAPA, but only in CANA treated cells [46].

In conclusion, SGLT-2i’s protect human endothelial cells against cyclic stretch-induced
increased permeability and this effect is most likely mediated through ROS inhibition. Our
observations provide novel insights into the possible mechanisms of the cardiovascular
protection of SGLT-2i’s on mechanically stimulated cells, thus helping to improve treatment
of endothelial dysfunctions induced by disturbed mechanical forces.

4. Materials and Methods
4.1. Cell Culture and Cyclic Stretch Protocol

HCAECs (PCS-100-020 from ATCC, Manassas, VA, USA; C-12221 from PromoCell,
Heidelberg, Germany) were used for cell culture with vascular cell growth medium (ATCC)
containing supplements as previously described [46].

HCAECs were seeded onto BioFlex® 6-well plates (Flexcell International, McKeesport,
PA, USA) at a density of 10,000–20,000 cells/cm2, and all plates were pre-coated overnight
with 0.25 mg/mL gelatine dissolved in 0.1 M sodium bicarbonate buffer (NaHCO3,
pH = 8.3). All experiments were performed with cells at passage 7 when they reached
90–100% confluency. Cyclic stretch was applied using the FX-5000T Flexcell Tension
Plus system (Flexcell International, McKeesport, PA, USA). Based on previous in vitro
studies [17,18], 5% stretch was considered as the physiological model and 10% as the
pathological condition. HCAECs were subjected to stretch for 24 h at a frequency of 1 Hz.
Cells were starved for 18 h before experiments and pre-incubated for 2 h with vehicle or
SGLT-2i’s (1 µM EMPA, 1 µM DAPA and 3 µM CANA, all from MedChem, Sollentuna,
Sweden). The schematic outline of this study is shown in Figure A1.

To elucidate involved mechanisms, 5 mM N-acetyl-l-cysteine (NAC, Merck Millipore,
Watford, England) was applied to scavenge ROS, 1 µM GKT136901 (Calbiochem, San
Diego, CA, USA) to inhibit nicotinamide adenine dinucleotide phosphate oxidases (NOXs),
and 10 µM cariporide (Sigma Aldrich, St Louis, MO, USA) to inhibit sodium-hydrogen
exchanger 1 (NHE1).

4.2. Cell Permeability Assay

A cell permeability assessment was performed using the method described by
Dubrovskyi et al., which is based on high affinity binding between avidin and biotin [16].

EZ-Link NHS-LC-LC-Biotin (Thermo Fisher Scientific, Waltham, MA, USA) was added
to 10 mg/mL of gelatin solution (dissolved in 0.1 M NaHCO3 buffer), to generate a solution
of 0.57 mg/mL biotin and 9 mg/mL gelatin. The biotinylation of gelatin was performed at
room temperature for 1h with constant stirring, and biotinylated gelatin was than aliquoted
and stored at −20◦C. For coating, gelatin aliquots were diluted in 0.1 M NaHCO3 buffer
to generate a working solution with 0.25 mg/mL biotinylated gelatin and sterilized by a
filter with a pore size of 0.2 µm (VWR international, Radnor, PA, USA). Three ml working
solution were added to each well on the Bioflex plate. Plates were covered with aluminium
foil and stored at 4 ◦C overnight, and unabsorbed protein was removed by washing twice
with phosphate buffered saline (PBS, pH = 7.4).

After stretch, fluorescein isothiocyanate (FITC) labeled avidin (Thermo Fisher Sci-
entific, Waltham, MA, USA) was added to medium (working concentration, 25 µg/mL)
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and incubated for 3 min, after which excessive avidin was removed by PBS washing. The
plastic membranes of BioFlex plates with cells were loaded on glass cover slides with
mounting fluid (Thermo Fisher Scientific, Waltham, MA, USA) containing 4’,6-diamidino-
2-phenylindole (DAPI). Membranes were imaged with Leica DMi8 Advanced Light Mi-
croscopy (Leica Microsystems, Wetzlar, Germany) at 200× magnification, and six pictures
of each condition were made from each individual experiment. The fluorescence was quan-
tified using Image J1.8.0 and divided by the cell number to generate a mean fluorescence
intensity (MFI). To reduce any bias, the quantification was carried out by two independent
investigators (X.L. & G.R.) in a blinded manner.

4.3. ROS Measurement

After 24 h of cyclic stretch, CellROX ® Deep Red Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) was added on each well to generate a working concentration of
5 µM, and plates were covered with aluminium foil and incubated at 37 ◦C in a humidified
incubator for 30 min. Cells were than washed once with pre-warmed PBS and fixed with 4%
formalin for 15 min. The plastic membranes of BioFlex plates were loaded on glass cover
slides with mounting fluid containing DAPI. Membranes were imaged with Leica DM6
Wide-Field Microscopy (Leica Microsystems, Wetzlar, Germany) at 400× magnification, and
6 pictures of each condition were taken from each individual experiment. The fluorescence
was quantified using Image J1.8.0 and divided by cell number to generate a MFI. To reduce
any bias, the quantification was carried out by two independent investigators (X.L. & G.R.)
in a blinded manner.

4.4. Immunofluorescence Staining

After 24 h of stretch, monolayers of HCAECs were fixed with 4% formalin for 10 min.
Cells were washed three times with PBS and blocked for 30 min with 1% bovine serum
albumin (PAA Cell Culture Company, Cambridge, UK). VE-cadherin monoclonal antibody
(1:60 dilution, Thermo Fisher Scientific, Waltham, MA, USA) was added to each well and
incubated at room temperature for 1h, unbound antibody was removed by PBS washing.
Afterwards, goat anti-mouse secondary antibody (1:400, Alexa Flour® 488, Thermo Fisher
Scientific, Waltham, MA, USA) and Rhodamine Phalloidin (1:40, Thermo Fisher Scientific,
Waltham, MA, USA) was added to each well for 30 min, followed by three times washing
with PBS. Membranes were loaded on glass cover slides with mounting fluid containing
DAPI and imaged with Leica DM6 Wide-Field Microscopy at 1000× magnification.

4.5. Infrared Western Blot

Whole cell lysates from two wells with the same treatments were combined. After
24 h of stretch, cells were washed with ice-cold PBS and collected in a lysis buffer, made
from a homogenisation buffer (0.25 M sucrose and 0.02 M HEPES, pH = 7.4) with 0.5%
Triton-100X, 1 mM dithiothreitol and HaltTM Protease and Phosphatase Inhibitor Single-
Use Cocktail (diluted 1:100 Thermo Fisher Scientific, Waltham, MA, USA). The total protein
concentration was determined by the Lowry method [48] and adjusted to 1000 µg/mL per
blot. Membranes were incubated with primary antibodies against VE-cadherin (1:1000,
CST, Danvers, MA, USA) and α-tubulin (1:20,000, Thermo Fisher Scientific, Waltham, MA,
USA) overnight, followed by three times washing with PBS containing 0.1% tween 20
and incubation with the complementary secondary antibodies (1:5000, Li-Cor, Lincoln,
NE, USA) for 1 h. The membranes were scanned with the Odyssey CLx operator (Li-Cor,
Lincoln, NE, USA) after final washing, and quantifications of the signals of each band were
carried out using Image StudioTM Software (Version 5.2, Li-Cor, Lincoln, NE, USA).

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Two wells of supernatant from cell culture were combined and centrifuged at 4 ◦C for
10 min and with a centrifuge force of 150 g. Interleukin-6 (IL-6) and interleukin-8 (IL-8) in
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the supernatant were measured with ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to manufacturer’s instructions.

4.7. Lactate Dehydrogenase (LDH) Activity

To determine cell death, activity of LDH in supernatant was detected photospectromet-
rically at 25 ◦C, with pyruvate and nicotinamide adenine dinucleotide hydrogen (NADH).
The formation rate of NAD+ from NADH was determined over 240 s and used for the
measurement of total LDH activity. Compared with 5% stretch, 10% did not increase LDH
activity of HCAECs, suggesting that apoptosis might not be involved in stretch induced
permeability (Figure S2).

4.8. Sample Size and Statistical Analysis

Sample size estimation revealed that at least 5 independent experiments in each group
are required to reach a power of 80%, given a physiologically relevant difference of 25%
between control and intervention group and an α of 0.05 (10% standard deviation).

Statistical analyses were performed using GraphPad Prism 8.3.0 (GraphPad, San Diego,
CA, USA). All data were normalized to 5% stretch and are presented as mean ± standard
deviation (SD). One-way ANOVA with Bonferroni post hoc correction was carried out
when comparing the difference between cells treated with SGLT-2i’s and 10% stretch.
p ≤ 0.05, referred as *; ** for p ≤ 0.01 and *** for p ≤ 0.001, were considered statistically
significant.
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CANA) under starving conditions, followed by stimulation with 10% stretch for 24 h. HCAECs
exposed to 5% stretch with vehicle were considered as control. Cell permeability, ROS levels, cell
morphology, VE-cadherin expression, interleukin production and LDH activity were measured after
24 h.

References
1. Timmis, A.; Townsend, N.; Gale, C.P.; Torbica, A.; Lettino, M.; Petersen, S.E.; Mossialos, E.A.; Maggioni, A.P.; Kazakiewicz, D.;

May, H.T.; et al. European Society of Cardiology: Cardiovascular Disease Statistics 2019. Eur. Heart J. 2020, 41, 12–85. [CrossRef]
2. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle,

H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373, 2117–2128.
[CrossRef]

3. Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.; Kuder, J.F.; Murphy, S.A.;
et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2019, 380, 347–357. [CrossRef]

4. Packer, M.; Anker, S.D.; Butler, J.; Filippatos, G.; Pocock, S.J.; Carson, P.; Januzzi, J.; Verma, S.; Tsutsui, H.; Brueckmann, M.; et al.
Cardiovascular and Renal Outcomes with Empagliflozin in Heart Failure. N. Engl. J. Med. 2020, 383, 1413–1424. [CrossRef]
[PubMed]

5. Paulus, W.J.; Tschope, C. A novel paradigm for heart failure with preserved ejection fraction: Comorbidities drive myocardial
dysfunction and remodeling through coronary microvascular endothelial inflammation. J. Am. Coll Cardiol. 2013, 62, 263–271.
[CrossRef] [PubMed]

6. Han, Y.; Cho, Y.E.; Ayon, R.; Guo, R.; Youssef, K.D.; Pan, M.; Dai, A.; Yuan, J.X.; Makino, A. SGLT inhibitors attenuate NO-
dependent vascular relaxation in the pulmonary artery but not in the coronary artery. Am. J. Physiol. Lung Cell Mol. Physiol. 2015,
309, L1027–L1036. [CrossRef] [PubMed]

7. Santos-Gallego, C.G.; Requena-Ibanez, J.A.; San Antonio, R.; Garcia-Ropero, A.; Ishikawa, K.; Watanabe, S.; Picatoste, B.;
Vargas-Delgado, A.P.; Flores-Umanzor, E.J.; Sanz, J.; et al. Empagliflozin Ameliorates Diastolic Dysfunction and Left Ventricular
Fibrosis/Stiffness in Nondiabetic Heart Failure: A Multimodality Study. JACC Cardiovasc. Imaging 2021, 14, 393–407. [CrossRef]
[PubMed]

8. Lee, M.M.Y.; Brooksbank, K.J.M.; Wetherall, K.; Mangion, K.; Roditi, G.; Campbell, R.T.; Berry, C.; Chong, V.; Coyle, L.; Docherty,
K.F.; et al. Effect of Empagliflozin on Left Ventricular Volumes in Patients With Type 2 Diabetes, or Prediabetes, and Heart Failure
With Reduced Ejection Fraction (SUGAR-DM-HF). Circulation 2021, 143, 516–525. [CrossRef]

9. Santos-Gallego, C.G.; Vargas-Delgado, A.P.; Requena-Ibanez, J.A.; Garcia-Ropero, A.; Mancini, D.; Pinney, S.; Macaluso, F.; Sartori,
S.; Roque, M.; Sabatel-Perez, F.; et al. Randomized Trial of Empagliflozin in Nondiabetic Patients With Heart Failure and Reduced
Ejection Fraction. J. Am. Coll Cardiol. 2021, 77, 243–255. [CrossRef]

http://doi.org/10.1093/eurheartj/ehz859
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1056/NEJMoa1812389
http://doi.org/10.1056/NEJMoa2022190
http://www.ncbi.nlm.nih.gov/pubmed/32865377
http://doi.org/10.1016/j.jacc.2013.02.092
http://www.ncbi.nlm.nih.gov/pubmed/23684677
http://doi.org/10.1152/ajplung.00167.2015
http://www.ncbi.nlm.nih.gov/pubmed/26361875
http://doi.org/10.1016/j.jcmg.2020.07.042
http://www.ncbi.nlm.nih.gov/pubmed/33129742
http://doi.org/10.1161/CIRCULATIONAHA.120.052186
http://doi.org/10.1016/j.jacc.2020.11.008


Int. J. Mol. Sci. 2021, 22, 6044 14 of 15

10. Khemais-Benkhiat, S.; Belcastro, E.; Idris-Khodja, N.; Park, S.H.; Amoura, L.; Abbas, M.; Auger, C.; Kessler, L.; Mayoux, E.; Toti, F.;
et al. Angiotensin II-induced redox-sensitive SGLT1 and 2 expression promotes high glucose-induced endothelial cell senescence.
J. Cell Mol. Med. 2020, 24, 2109–2122. [CrossRef]

11. Juni, R.P.; Al-Shama, R.; Kuster, D.W.D.; van der Velden, J.; Hamer, H.M.; Vervloet, M.G.; Eringa, E.C.; Koolwijk, P.; van Hinsbergh,
V.W.M. Empagliflozin restores chronic kidney disease-induced impairment of endothelial regulation of cardiomyocyte relaxation
and contraction. Kidney Int. 2020. [CrossRef]

12. Uthman, L.; Homayr, A.; Juni, R.P.; Spin, E.L.; Kerindongo, R.; Boomsma, M.; Hollmann, M.W.; Preckel, B.; Koolwijk, P.; van
Hinsbergh, V.W.M.; et al. Empagliflozin and Dapagliflozin Reduce ROS Generation and Restore NO Bioavailability in Tumor
Necrosis Factor alpha-Stimulated Human Coronary Arterial Endothelial Cells. Cell Physiol. Biochem. 2019, 53, 865–886. [CrossRef]

13. Oeckler, R.A.; Kaminski, P.M.; Wolin, M.S. Stretch enhances contraction of bovine coronary arteries via an NAD(P)H oxidase-
mediated activation of the extracellular signal-regulated kinase mitogen-activated protein kinase cascade. Circ. Res. 2003, 92,
23–31. [CrossRef] [PubMed]

14. Fang, Y.; Wu, D.; Birukov, K.G. Mechanosensing and Mechanoregulation of Endothelial Cell Functions. Compr. Physiol. 2019, 9,
873–904. [CrossRef] [PubMed]

15. Tanaka, T.; Saito, Y.; Matsuda, K.; Kamio, K.; Abe, S.; Kubota, K.; Azuma, A.; Gemma, A. Cyclic mechanical stretch-induced
oxidative stress occurs via a NOX-dependent mechanism in type II alveolar epithelial cells. Respir. Physiol. Neurobiol. 2017, 242,
108–116. [CrossRef]

16. Dubrovskyi, O.; Birukova, A.A.; Birukov, K.G. Measurement of local permeability at subcellular level in cell models of agonist-
and ventilator-induced lung injury. Lab. Investig. 2013, 93, 254–263. [CrossRef] [PubMed]

17. Loperena, R.; Van Beusecum, J.P.; Itani, H.A.; Engel, N.; Laroumanie, F.; Xiao, L.; Elijovich, F.; Laffer, C.L.; Gnecco, J.S.; Noonan,
J.; et al. Hypertension and increased endothelial mechanical stretch promote monocyte differentiation and activation: Roles of
STAT3, interleukin 6 and hydrogen peroxide. Cardiovasc. Res. 2018, 114, 1547–1563. [CrossRef]

18. Omidvar, R.; Tafazzoli-Shadpour, M.; Mahmoodi-Nobar, F.; Azadi, S.; Khani, M.M. Quantifying effects of cyclic stretch on
cell-collagen substrate adhesiveness of vascular endothelial cells. Proc. Inst. Mech. Eng. H 2018, 232, 531–541. [CrossRef]
[PubMed]

19. Birukov, K.G. Cyclic stretch, reactive oxygen species, and vascular remodeling. Antioxid Redox. Signal. 2009, 11, 1651–1667.
[CrossRef]

20. Andrikopoulos, P.; Kieswich, J.; Harwood, S.M.; Baba, A.; Matsuda, T.; Barbeau, O.; Jones, K.; Eccles, S.A.; Yaqoob, M.M.
Endothelial Angiogenesis and Barrier Function in Response to Thrombin Require Ca2+ Influx through the Na+/Ca2+ Exchanger.
J. Biol. Chem. 2015, 290, 18412–18428. [CrossRef]

21. Ali, M.H.; Schlidt, S.A.; Chandel, N.S.; Hynes, K.L.; Schumacker, P.T.; Gewertz, B.L. Endothelial permeability and IL-6 production
during hypoxia: Role of ROS in signal transduction. Am. J. Physiol. 1999, 277, L1057–L1065. [CrossRef]

22. Davidovich, N.; DiPaolo, B.C.; Lawrence, G.G.; Chhour, P.; Yehya, N.; Margulies, S.S. Cyclic stretch-induced oxidative stress
increases pulmonary alveolar epithelial permeability. Am. J. Respir. Cell Mol. Biol. 2013, 49, 156–164. [CrossRef]

23. He, P.; Talukder, M.A.H.; Gao, F. Oxidative Stress and Microvessel Barrier Dysfunction. Front. Physiol. 2020, 11, 472. [CrossRef]
[PubMed]

24. Manago, A.; Becker, K.A.; Carpinteiro, A.; Wilker, B.; Soddemann, M.; Seitz, A.P.; Edwards, M.J.; Grassme, H.; Szabo, I.; Gulbins,
E. Pseudomonas aeruginosa pyocyanin induces neutrophil death via mitochondrial reactive oxygen species and mitochondrial
acid sphingomyelinase. Antioxid. Redox Signal. 2015, 22, 1097–1110. [CrossRef]

25. Tian, Y.; Gawlak, G.; O’Donnell, J.J., 3rd; Birukova, A.A.; Birukov, K.G. Activation of Vascular Endothelial Growth Factor (VEGF)
Receptor 2 Mediates Endothelial Permeability Caused by Cyclic Stretch. J. Biol. Chem. 2016, 291, 10032–10045. [CrossRef]

26. Van Buul, J.D.; Timmerman, I. Small Rho GTPase-mediated actin dynamics at endothelial adherens junctions. Small GTPases 2016,
7, 21–31. [CrossRef] [PubMed]

27. Tseng, C.Y.; Wang, J.S.; Chao, M.W. Causation by Diesel Exhaust Particles of Endothelial Dysfunctions in Cytotoxicity, Pro-
inflammation, Permeability, and Apoptosis Induced by ROS Generation. Cardiovasc. Toxicol. 2017, 17, 384–392. [CrossRef]

28. Acevedo, A.; Gonzalez-Billault, C. Crosstalk between Rac1-mediated actin regulation and ROS production. Free Radic. Biol. Med.
2018, 116, 101–113. [CrossRef] [PubMed]

29. Chang, F.; Flavahan, S.; Flavahan, N.A. Superoxide inhibition restores endothelium-dependent dilatation in aging arteries by
enhancing impaired adherens junctions. Am. J. Physiol. Heart Circ. Physiol. 2018, 314, H805–H811. [CrossRef]

30. Baartscheer, A.; Schumacher, C.A.; Wust, R.C.; Fiolet, J.W.; Stienen, G.J.; Coronel, R.; Zuurbier, C.J. Empagliflozin decreases
myocardial cytoplasmic Na(+) through inhibition of the cardiac Na(+)/H(+) exchanger in rats and rabbits. Diabetologia 2017, 60,
568–573. [CrossRef]

31. Uthman, L.; Baartscheer, A.; Schumacher, C.A.; Fiolet, J.W.T.; Kuschma, M.C.; Hollmann, M.W.; Coronel, R.; Weber, N.C.; Zuurbier,
C.J. Direct Cardiac Actions of Sodium Glucose Cotransporter 2 Inhibitors Target Pathogenic Mechanisms Underlying Heart
Failure in Diabetic Patients. Front Physiol. 2018, 9, 1575. [CrossRef] [PubMed]

32. Uthman, L.; Baartscheer, A.; Bleijlevens, B.; Schumacher, C.A.; Fiolet, J.W.T.; Koeman, A.; Jancev, M.; Hollmann, M.W.; Weber,
N.C.; Coronel, R.; et al. Class effects of SGLT2 inhibitors in mouse cardiomyocytes and hearts: Inhibition of Na(+)/H(+) exchanger,
lowering of cytosolic Na(+) and vasodilation. Diabetologia 2018, 61, 722–726. [CrossRef] [PubMed]

http://doi.org/10.1111/jcmm.14233
http://doi.org/10.1016/j.kint.2020.12.013
http://doi.org/10.33594/000000178
http://doi.org/10.1161/01.RES.0000051860.84509.CE
http://www.ncbi.nlm.nih.gov/pubmed/12522117
http://doi.org/10.1002/cphy.c180020
http://www.ncbi.nlm.nih.gov/pubmed/30873580
http://doi.org/10.1016/j.resp.2017.04.007
http://doi.org/10.1038/labinvest.2012.159
http://www.ncbi.nlm.nih.gov/pubmed/23212101
http://doi.org/10.1093/cvr/cvy112
http://doi.org/10.1177/0954411918767477
http://www.ncbi.nlm.nih.gov/pubmed/29609522
http://doi.org/10.1089/ars.2008.2390
http://doi.org/10.1074/jbc.M114.628156
http://doi.org/10.1152/ajplung.1999.277.5.L1057
http://doi.org/10.1165/rcmb.2012-0252OC
http://doi.org/10.3389/fphys.2020.00472
http://www.ncbi.nlm.nih.gov/pubmed/32536875
http://doi.org/10.1089/ars.2014.5979
http://doi.org/10.1074/jbc.M115.690487
http://doi.org/10.1080/21541248.2015.1131802
http://www.ncbi.nlm.nih.gov/pubmed/26825121
http://doi.org/10.1007/s12012-016-9364-0
http://doi.org/10.1016/j.freeradbiomed.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29330095
http://doi.org/10.1152/ajpheart.00681.2017
http://doi.org/10.1007/s00125-016-4134-x
http://doi.org/10.3389/fphys.2018.01575
http://www.ncbi.nlm.nih.gov/pubmed/30519189
http://doi.org/10.1007/s00125-017-4509-7
http://www.ncbi.nlm.nih.gov/pubmed/29197997


Int. J. Mol. Sci. 2021, 22, 6044 15 of 15

33. Cingolani, H.E.; Perez, N.G.; Pieske, B.; von Lewinski, D.; Camilion de Hurtado, M.C. Stretch-elicited Na+/H+ exchanger
activation: The autocrine/paracrine loop and its mechanical counterpart. Cardiovasc. Res. 2003, 57, 953–960. [CrossRef]

34. Arow, M.; Waldman, M.; Yadin, D.; Nudelman, V.; Shainberg, A.; Abraham, N.G.; Freimark, D.; Kornowski, R.; Aravot, D.;
Hochhauser, E.; et al. Sodium-glucose cotransporter 2 inhibitor Dapagliflozin attenuates diabetic cardiomyopathy. Cardiovasc.
Diabetol. 2020, 19, 7. [CrossRef]

35. Wu, S.; Gao, X.; Yang, S.; Liu, L.; Ge, B.; Yang, Q. Protective effects of cariporide on endothelial dysfunction induced by
homocysteine. Pharmacology 2013, 92, 303–309. [CrossRef]

36. Chung, Y.J.; Park, K.C.; Tokar, S.; Eykyn, T.R.; Fuller, W.; Pavlovic, D.; Swietach, P.; Shattock, M.J. Off-target effects of SGLT2
blockers: Empagliflozin does not inhibit Na+/H+ exchanger-1 or lower [Na+]i in the heart. Cardiovasc. Res. 2020. [CrossRef]

37. Zuurbier, C.J.; Baartscheer, A.; Schumacher, C.A.; Fiolet, J.W.T.; Coronel, R. SGLT2 inhibitor empagliflozin inhibits the cardiac
Na+/H+ exchanger 1: Persistent inhibition under various experimental conditions. Cardiovasc. Res. 2021. [CrossRef]

38. Liang, X.; Wang, Z.; Gao, M.; Wu, S.; Zhang, J.; Liu, Q.; Yu, Y.; Wang, J.; Liu, W. Cyclic stretch induced oxidative stress by
mitochondrial and NADPH oxidase in retinal pigment epithelial cells. BMC Ophthalmol. 2019, 19, 79. [CrossRef]

39. Kuno, A.; Kimura, Y.; Mizuno, M.; Oshima, H.; Sato, T.; Moniwa, N.; Tanaka, M.; Yano, T.; Tanno, M.; Miki, T.; et al. Empagliflozin
attenuates acute kidney injury after myocardial infarction in diabetic rats. Sci. Rep. 2020, 10, 7238. [CrossRef]

40. Zinkevich, N.S.; Fancher, I.S.; Gutterman, D.D.; Phillips, S.A. Roles of NADPH oxidase and mitochondria in flow-induced
vasodilation of human adipose arterioles: ROS-induced ROS release in coronary artery disease. Microcirculation 2017, 24.
[CrossRef]

41. Kim, Y.M.; Kim, S.J.; Tatsunami, R.; Yamamura, H.; Fukai, T.; Ushio-Fukai, M. ROS-induced ROS release orchestrated by Nox4,
Nox2, and mitochondria in VEGF signaling and angiogenesis. Am. J. Physiol. Cell Physiol. 2017, 312, C749–C764. [CrossRef]

42. Aredia, F.; Czaplinski, S.; Fulda, S.; Scovassi, A.I. Molecular features of the cytotoxicity of an NHE inhibitor: Evidence of
mitochondrial alterations, ROS overproduction and DNA damage. BMC Cancer 2016, 16, 851. [CrossRef]

43. Javadov, S. The calcium-ROS-pH triangle and mitochondrial permeability transition: Challenges to mimic cardiac ischemia-
reperfusion. Front Physiol. 2015, 6, 83. [CrossRef] [PubMed]

44. Iwaki, M.; Ito, S.; Morioka, M.; Iwata, S.; Numaguchi, Y.; Ishii, M.; Kondo, M.; Kume, H.; Naruse, K.; Sokabe, M.; et al. Mechanical
stretch enhances IL-8 production in pulmonary microvascular endothelial cells. Biochem. Biophys. Res. Commun. 2009, 389,
531–536. [CrossRef] [PubMed]

45. Han, J.H.; Oh, T.J.; Lee, G.; Maeng, H.J.; Lee, D.H.; Kim, K.M.; Choi, S.H.; Jang, H.C.; Lee, H.S.; Park, K.S.; et al. The beneficial
effects of empagliflozin, an SGLT2 inhibitor, on atherosclerosis in ApoE (-/-) mice fed a western diet. Diabetologia 2017, 60,
364–376. [CrossRef] [PubMed]

46. Uthman, L.; Kuschma, M.; Romer, G.; Boomsma, M.; Kessler, J.; Hermanides, J.; Hollmann, M.W.; Preckel, B.; Zuurbier, C.J.;
Weber, N.C. Novel Anti-inflammatory Effects of Canagliflozin Involving Hexokinase II in Lipopolysaccharide-Stimulated Human
Coronary Artery Endothelial Cells. Cardiovasc. Drugs 2020. [CrossRef]

47. Zhou, H.; Wang, S.; Zhu, P.; Hu, S.; Chen, Y.; Ren, J. Empagliflozin rescues diabetic myocardial microvascular injury via
AMPK-mediated inhibition of mitochondrial fission. Redox. Biol. 2018, 15, 335–346. [CrossRef] [PubMed]

48. Olson, B. Assays for Determination of Protein Concentration. Curr. Protoc. Pharm. 2016, 73, A.3A.1–A.3A.32. [CrossRef] [PubMed]

http://doi.org/10.1016/S0008-6363(02)00768-X
http://doi.org/10.1186/s12933-019-0980-4
http://doi.org/10.1159/000356318
http://doi.org/10.1093/cvr/cvaa323
http://doi.org/10.1093/cvr/cvab129
http://doi.org/10.1186/s12886-019-1087-0
http://doi.org/10.1038/s41598-020-64380-y
http://doi.org/10.1111/micc.12380
http://doi.org/10.1152/ajpcell.00346.2016
http://doi.org/10.1186/s12885-016-2878-9
http://doi.org/10.3389/fphys.2015.00083
http://www.ncbi.nlm.nih.gov/pubmed/25852570
http://doi.org/10.1016/j.bbrc.2009.09.020
http://www.ncbi.nlm.nih.gov/pubmed/19747898
http://doi.org/10.1007/s00125-016-4158-2
http://www.ncbi.nlm.nih.gov/pubmed/27866224
http://doi.org/10.1007/s10557-020-07083-w
http://doi.org/10.1016/j.redox.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/29306791
http://doi.org/10.1002/cpph.3
http://www.ncbi.nlm.nih.gov/pubmed/27248579

	Introduction 
	Results 
	SGLT-2i’s Prevent Increased Cell Permeability and ROS Production of HCAECs Exposed to 10% Stretch 
	SGLT-2i’s Revert Loss of VE-Cadherin Induced by 10% Stretch 
	EMPA-Related Improvement of Endothelium Barrier Dysfunctions Might Be Mediated by ROS Inhibition 
	ROS Inhibition of EMPA Might Partly Be Mediated through Inhibiting NHE1 and NOXs 
	SGLT-2i’s Do Not Inhibit Interleukin Secretions of HCAECs Exposed 10% Stretch 

	Discussion 
	SGLT-2i’s Improve Stretch-Induced Endothelial Barrier Dysfunction 
	SGLT-2i’s Inhibit ROS Production under Cyclic Stretch 
	NHE1 and NOXs Might Be Partially Involved in the Anti-Oxidative Effect of EMPA 
	SGLT-2i’s Do Not Alter Interleukin Secretion of Stretched Cells 
	Limitation and Conclusions 

	Materials and Methods 
	Cell Culture and Cyclic Stretch Protocol 
	Cell Permeability Assay 
	ROS Measurement 
	Immunofluorescence Staining 
	Infrared Western Blot 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Lactate Dehydrogenase (LDH) Activity 
	Sample Size and Statistical Analysis 

	
	References

