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ARTICLE INFO ABSTRACT

Keywords: Background: Empagliflozin (EMPA) ameliorates reactive oxygen species (ROS) generation in human endothelial
Sodium glucose co-transporter 2 inhibitor cells (ECs) exposed to 10 % stretch, but the underlying mechanisms are still unclear. Pathological stretch is
(SGLT2i)

supposed to stimulate protein kinase C (PKG) by increasing intracellular calcium (Ca?"), therefore activating

nicotinamide adenine dinucleotide phosphate oxidase (NOX) and promoting ROS production in human ECs. We
hypothesized that EMPA inhibits stretch-induced NOX activation and ROS generation through preventing PKC

Cyclic stretch
Human coronary artery endothelial cells

(HCAECs) s
Nicotinamide adenine dinucleotide phosphate activation.
oxidase (NOX) Methods: Human coronary artery endothelial cells (HCAECs) were pre-incubated for 2 h before exposure to cyclic
Reactive oxygen species (ROS) stretch (5 % or 10 %) with either vehicle, EMPA or the PKC inhibitor LY-333531 or PKC siRNA. PKC activity,
Intracellular calcium (Ca®") NOX activity and ROS production were detected after 24 h. Furthermore, the Ca?* chelator BAPTA-AM, NCX
inhibitor ORM-10962 or NCX siRNA, sodium/potassium pump inhibitor ouabain and sodium hydrogen
exchanger (NHE) inhibitor cariporide were applied to explore the involvement of the NHE/Na*/NCX/Ca?" in the
ROS inhibitory capacity of EMPA.
Results: Compared to 5 % stretch, 10 % significantly increased PKC activity, which was reduced by EMPA and
PKC inhibitor LY-333531. EMPA and LY-333531 showed a similar inhibitory capacity on NOX activity and ROS
generation induced by 10 % stretch, which was not augmented by combined treatment with both drugs. PKC-p
knockdown inhibits the NOX activation induced by Ca** and 10 % stretch. BAPTA, pharmacologic or genetic
NCX inhibition and cariporide reduced Ca®" in static HCAECs and prevented the activation of PKC and NOX in
10%-stretched cells. Ouabain increased ROS generation in cells exposed to 5 % stretch.
Conclusion: EMPA reduced NOX activity via attenuation of the NHE/Nat/NCX/Ca®"/PKC axis, leading to less
ROS generation in HCAECs exposed to 10 % stretch.
and transmigration, as well as regulating the contraction and relaxation
of cardiomyocytes [4]. Upon exposure to pathological stimuli (e.g.
1. Introduction enhanced cyclic stretch, hyperglycaemia), ECs undergo multiple dysre-
gulations like excessive reactive oxygen species (ROS) production, an
The sodium glucose co-transporter 2 inhibitor (SGLT2i) empagli- excessive inflammatory response and increased cell permeability,
flozin (EMPA) has been approved for the therapy of heart failure given thereby contributing to the development of cardiovascular disease [5].
the cardiovascular benefits in patients with and without diabetes mel- Excessive ROS production plays a crucial role in endothelial dysfunc-
litus [1,2]. Cardiovascular protection of EMPA may be partially tion: ROS activate Src family kinase to phosphorylate vascular endo-
explained by its direct effect on endothelial cells (ECs) [3]. thelial (VE)-cadherin, leading to VE-cadherin loss, adherens junction
Under physiological conditions, ECs form a cell monolayer that disruption and increase in cell permeability [6].
maintain haemostasis of the cardiovascular system by producing EMPA demonstrates a potent anti-oxidative effect in ECs. Live cell

endothelium-derived vasoactive factors, preventing monocyte adhesion
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image demonstrated that EMPA suppresses ROS production and restores
NO bioavailability in static human ECs stimulated with tumor necrosis
factor-a (TNF-a) [7,8]. Recently, we showed for the first time that
SGLT2i’s also inhibit increased ROS production and cell permeability in
human coronary artery endothelial cells (HCAECs) exposed to 10 %
stretch, revealing that EMPA also exerts protective effects in dynamic
cultured ECs [9]. The nicotinamide adenine dinucleotide phosphate
oxidases (NOX)1/4 inhibitor GKT136901 lowers ROS in ECs undergoing
10 % stretch to a similar extent as EMPA does, and its ROS reducing
capacity is not amplified when combined with EMPA, supporting the
involvement of NOX as a key mediator in the anti-oxidative effect of
EMPA [9].

Exposure to TNF-a and cyclic stretch increases activity of sodium-
hydrogen exchanger (NHE) in ECs and cardiomyocytes, leading to the
increase in intracellular sodium (Na®) [10,11]. It is speculated that Na *
triggers ROS generation inside ECs by enhancing cytosolic Ca?* through
the sodium calcium exchanger (NCX), consequently stimulating Ca?*
dependent protein kinase C (PKC) isoforms [3,10,12]. Elevated PKC
activity, especially PKC-B, has a dominant role in NOX activation and
ROS production in human ECs [13]. Previous studies showed that
SGLT2i’s directly inhibit NHE [10,14-16], and that lowering NHE ac-
tivity with EMPA or cariporide suppressed ROS production in human
ECs subjected to enhanced stretch and TNF-a [9,10]. Yet, the effect of
EMPA on intracellular Ca?* and PKC activity was not investigated in the
these studies.

We hypothesized that EMPA inhibits stretch-induced NOX activation
and ROS generation through preventing PKC activation. We aimed to
explore the involvement of PKC in the ROS reducing effect of EMPA in
stretched ECs, as well as the upstream signalling pathway for PKC in-
hibition by EMPA.

2. Methods
2.1. Cell culture and cyclic stretch

HCAECs were purchased from commercial supplier (PromoCell,
Heidelberg, Germany) and maintained in endothelial cell basal medium
MV2 (PromoCell) containing 10 % fetal bovine serum (FBS, TICO,
Antwerpen, Belgium) and recommended supplements (PromoCell). To
reduce individual variation, cells from different donors were pooled
together. Cells were seeded onto BioFlex® 6-well plates (Flexcell

Abbreviations

AUC Area under the curve

Ca>" Calcium

ECs Endothelial cells

EMPA  Empagliflozin

HBSS Hank’s Balanced Salt Solution

HCAECs Human coronary artery endothelial cells
MFI Mean fluorescence intensity

Na* Sodium

NCX Sodium calcium exchanger

NHE Sodium hydrogen exchanger

NO Nitric oxide

NOX Nicotinamide adenine dinucleotide phosphate oxidase

PKC Protein kinase C
PMA Phorbol 12-myristate 13-acetate

ROS Reactive oxygen species

SGLT2i’s Sodium glucose co-transporter 2 inhibitors
TFI Total fluorescence intensity

TNF-a  Tumor necrosis factor-a

VE-cadherin Vascular endothelial-cadherin
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International, McKeesport, PA, USA) as described previously and all
experiments were performed at passage 5 to 7 [9]. HCAECs were
pre-incubated with either vehicle or 1 pM EMPA (MedChemExpress,
New York, NJ, USA) for 2 h before exposure to 4 or 24 h cyclic stretch (1
Hz) using the FX-6000T™ Tension System. Based on previous in vitro
studies, 5 % stretch was considered as physiological control and 10 % as
damage model [9,17]. During cyclic stretch, the FBS concentration in-
side ECBM MV2 was reduced to 2 % to prevent the binding of EMPA to
serum proteins (over 80 % in vivo) [18]. 18 h starvation in ECBM with 2
% FBS was applied in the current study in order to minimize the effect of
serum reduction on the metabolism of HCAECs [19,20].

To investigate the underlying mechanisms of the anti-oxidative effect
of EMPA in 10%-stretched cells, 10 nM LY-333531 (Abcam, Cambridge,
UK) was used to inhibit PKC activity, 10 nM phorbol 12-myristate 13-
acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA) to activate PKC, 5 pM
BAPTA-AM (Abcam; or Thermo Fisher, Waltham, MA, USA) to chelate
intracellular Ca%", 0.2 pM Ionomycin (Sigma-Aldrich) to increase cyto-
solic Ca2+, 100 nM ORM-10962 (MedChemExpress) to inhibit NCX ac-
tivity, 10 pM cariporide (MedChemExpress) to block NHE activity, and
10 or 100 nM ouabain (Thermo Fisher) to inhibit the sodium-potassium
pump and increase cytosolic Na*. Additionally, knockdown of PKCp and
NCX1 were performed to evaluate the participation of these specific
genes in the anti-oxidative effect of EMPA.

2.2. Cell lysis and PKC activity measurement

After 24 h, whole cell lysates were collected for further experiments.
Briefly, cells were washed twice with ice cold PBS and collected in ho-
mogenisation buffer (0.25 M sucrose and 0.02 M HEPES) with 0.5 %
triton X-100, 1 mM dithiothreitol and 1 % Halt™ Protease and Phos-
phatase Inhibitor Single-Use Cocktail (Thermo Fisher). Samples were
sonicated on ice with repeated cycles, followed by 10 min centrifugation
with 12000 g at 4 °C. Supernatants were collected and stored at —80 °C
until further use.

PKC activity was measured from cell lysates with a PKC Kinase Ac-
tivity Assay Kit (Abcam, ab139437), following the instruction provides
by the manufacturer.

2.3. NOX activity measurement

Activity of NOX was detected from cell lysates using the protocol
modified from Vincent et al. [21]. Briefly, samples were diluted to 1:2
ratio with de-ionized water and loaded onto a 96-well clear flat-bottom
plate (50 pl/well) together with 50 mM Tris-MES buffer (100 pl/well)
and 600 pM nicotinamide adenine dinucleotide hydrogen (NADH, 50
pl/well). The change in absorbance of NADH at 340 nm (optical density,
OD) was recorded for 30 min at 37 °C with the SpectraMax M2e
Microplate Reader (Molecule Devices, San Jose, CA, USA). NOX activity
is determined by the reduction rate of NADH absorbance (OD/min), and
all the results were adjusted to the protein amount per well.

Cell lysates from static HCAECs receiving 50 pM pyocaynin were
used as positive control, and 1 pM NOX1/4 inhibitor GKT136901 was
added to samples during measurements to test the specificity of NOX
activity [9].

2.4. ROS measurement

After 24 h stretch, 5 pM CellROX® Deep Red Reagent (Thermo
Fisher) was applied to the cells for 30 min to measure ROS, following the
previously reported protocol [9]. Cells were then washed once with
pre-warmed PBS and fixed for 15 min with 3.7 % formaldehyde. Then,
the silicone membranes with cells were loaded on glass coverslips with
mounting fluid containing DAPI (Thermo Fisher) and imaged with a
Leica DM6 Wide-Field Microscope (Leica Microsystems) at 400 x
magnification. At least 6 cell areas were imaged randomly from each
well and a total fluorescence intensity (TFI) for the cells in every area
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Fig. 1. EMPA attenuates stretch induced oxidative stress and cell permeability via inhibiting PKC activity. Cells were pre-incubated for 2 h with vehicle, 1 pM
EMPA, 10 nM LY-333531, or EMPA plus LY-333531, before exposure to 5 % stretch or 10 % stretch for 24 h, and the flow chart is shown in Fig. 1A. PKC and NOX
activity was measured from cell lysates (B & C, n = 5). ROS and cell permeability were quantified using mean fluorescence intensity (MFI) and all the data were
normalized to 5+Veh group in D and F (D, n = 6; F, n = 5). Expression and integrity of VE-cadherin was detected with infra-red western blot (E, n = 5) and
immunofluorescence staining (G, n = 3), respectively. Representative images and blots are shown in the right/lower panel and data are presented as mean + SD. P <
0.05, referred as *; ** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001, were considered statistically significant. Non-normalized ROS values of each
experiment are presented in Fig. S9 and Table S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

were measured using image J1.8.0. The TFI was divided by the cell
number to generate a mean fluorescence intensity (MFI) for each cell.
Within each experiment, all data were normalized to the control group.
To reduce bias, ROS quantification was carried out by two independent
blinded investigators (X.L. & J.O.K. or M.W.).

2.5. Cell permeability assay

Cell permeability was visualized as described previously [9,17].
Briefly, BioFlex plates were pre-coated overnight with 0.25 mg/ml
biotinylated gelatin (3 ml/well) and washed with PBS before seeding.
After 24 h stretch, 25 pg/ml fluorescein isothiocyanate labelled avidin
was applied on the HCAECs monolayer for 3 min, followed by three
times washing steps to remove unbound probe. The membranes were
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then loaded onto glass coverslips with mounting fluid containing DAPI
(Thermo Fisher) and imaged using Leica DMi8 Advanced Light Micro-
scopy (Leica Microsystems) at 200 x magnification. images from each
treatment were acquired randomly, and the cell permeability was
quantified by MFI per cell in J1.8.0 in a blinded manner (X.L. & J.O0.K.).

2.6. Infra-red western blot

Total protein concentrations in cell lysates were determined by the
Lowry method and adjusted to 1000 or 2000 pg/ml before loading on
the gel. Infra-red western blot was performed as described before [9,22].
Membranes were washed three times after overnight incubation with
primary antibodies (NHE1, 1:500, Abcam; NCX1, 1:500, Abcam; NOX4,
1:500, Thermo Fisher; PKCp, 1:500, Proteintech, Rosemont, IL, USA;
VE-cadherin, 1:1000, CST; SOD-1, 1:5000, Abcam; a-tubulin, 1:40000 or
1:20000, Thermo Fisher), followed by 1 h incubation with the comple-
mentary secondary antibodies (1:5000, Li-Cor, Lincoln, USA). Then,
membranes were scanned with the Odyssey CLx operator (Li-Cor) and
quantifications of the signals of each band was performed with Image
Studio™ Software (Version 5.2, Li-Cor).

2.7. Immunofluorescence staining

After 24 h stretch, HCAECs were fixed for 10 min with 3.7 % form-
aldehyde, followed by three times washing with PBS and 30 min
blocking with 1 % bovine serum albumin. Cells were then incubated for
1 h at room temperature with an anti-VE-cadherin monoclonal antibody
(1:60, eBioscience, San Diego, CA, USA) and unbound antibody was
washed away with PBS. Afterwards, a secondary antibody (1:400,
Thermofisher) was applied on cells for 30 min. Cells were covered with
mounting fluid containing DAPI (Thermofisher). VE-cadherin was
imaged using Leica TCS SP8 X Confocal Microscope (Leica micro-
systems) at 630 x magnification.

2.8. Calcium measurement

Briefly, HCAECs grown in 12-well plates were incubated for 30 min
with 2 pM Fluo4-AM, which was diluted in Ca" free Hank’s Balanced
Salt Solution (HBSS, Gibco, Waltham, MA, US) containing vehicle, 1 pM
EMPA, 100 nM ORM-10962, 5 pM BAPTA-AM or 10 pM cariporide. Cells
were then subjected to 30 min de-esterification in probe free HBSS with
the respective treatment after one time washing with HBSS. 100 nM
Ouabain was applied on cells during de-esterification to investigate the
causal relationship between an increase in intracellular Na™ and intra-
cellular Ca®* in HCAEGs..0.2 pM Ionomycin was added onto HCAECs to
enhance intracellular Ca®".

Cells were imaged for five times every 5 s to obtain a baseline value
of the total fluorescence intensity (TFIO). Thereafter, 1.2 mM Ca’t was
loaded on the cells and the change of fluorescence intensity was recor-
ded for 5 min every 5 s. Change of intracellular Ca®>" was indicated by
the ratio of measured TFI to TFIO (TFI/TFIO), and increase in Ca%" was
quazlntiﬁed using the area under curve (AUC) after application of 1.2 mM
Ca*t,

2.9. Transfection with small interfering RNA (siRNA)

The knockdown of NCX1 and PKC-f was achieved using 10 nM NCX
Human siRNA Oligo Duplex (OriGene, Rockville, MD, USA) and 25 nM
PKC-p Human siRNA Oligo Duplex (OriGene), respectively. 10 nM or 25
nM scrambled siRNA (OriGene) was used as negative control.

HCAECs were seeded into 6-well plates at a density of 50000 cells/
well to reach a confluence of 50-80 % after 2 days. Before transfections,
cells were starved with medium containing 2 % FBS for 24 h siRNA Oligo
Duplexes or scrambled siRNA were mixed together with Lipofectamine
RNAiIMAX (Thermo Fisher) and incubated for 20 min. The mixture was
added onto cells and incubated for 24 h with antibiotic-free ECBM MV2
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containing 10 % FBS. Transfected cells were then split into BioFlex® 6-
well plates or 12-well plates for subsequent experiments.

2.10. Total RNA extraction and quantitative polymerase chain reaction
(qPCR)

After 4 or 24 h stretch, cells were lysed with TRIzol™ Reagent
(Invitrogen) and total RNA was extracted from cell lysates following the
procedures suggested by the manufacturer (Pub. No. MAN0001271,
Invitrogen). The concentration and purity of total RNA was measured
using NanoDrop 2000/2000c spectrophotometer (Thermofisher). 1 pg
total RNA was reverse transcribed into ¢cDNA after 10 min incubation
with Oligo(dT) Primer (Thermo Fisher) at 65 °C, followed by 5 min
incubation with Reverse Transcriptase and dNTP mix (Thermo Fisher) at
85 °C.

Afterwards, cDNA solutions were mixed with SYBR™ Green PCR
Master Mix (Thermo Fisher) and primers for target genes (NCX1, NHE1,
NOX, Nrf2, PKC-p and p-actin). Quantification of mRNA expression was
performed using the LinRegPCR system (version 11.0). Sequences of
primers are shown in Table S1.

2.11. Sample size calculation and statistical analysis

Five independent experiments in each group are required to detect a
25 % difference between the vehicle and the intervention group, given a
standard deviation of 10 %, a power of 80 % and an « of 0.05 [8,9,22].

Statistical analyses were performed using GraphPad Prism 8.3.0
(GraphPad, San Diego, CA, USA). All data were checked for normal
distribution using Shapiro-Wilk test and are presented as mean =+ stan-
dard deviation (SD). Student t-test or one-way ANOVA with Bonferroni
post hoc correction was used when comparing the differences between
groups. P < 0.05, referred as *; ** for P < 0.01, *** for P < 0.001 and
**%% for P < 0.0001, were considered statistically significant.

3. Results

3.1. EMPA ameliorates stretch induced endothelial dysfunction via
inhibiting PKC activity

Compared to 5 % stretch, 10 % stretch increased PKC activity in
HCAEGCs (Fig. 1B, OD/mg, 5+Veh: 1.07 + 0.23 vs 10+Veh: 4.03 + 0.57,
P < 0.05), which was completely reverted by both 1 pM EMPA and 10
nM LY-333531 (Figs. 1B and 10+EMPA: 0.83 + 0.40, 10+LY: 0.47 +
0.17, P both <0.05 vs 10+Veh). EMPA and LY-333531 both prevented
NOX activity in HCAECs subjected to 10 % stretch (Fig. 1C, OD/min/mg,
5+Veh: 7.96 + 3.29 vs 10+Veh: 30.70 + 8.02, P < 0.05; 10+EMPA:
9.93 +3.94,10+LY: 11.20 +9.98, P both < 0.05 vs 10+Veh), which was
not augmented by combined treatment of both drugs (Figs. 1C and
10+EMPA + LY: 10.52 £ 9.46, P > 0.05 vs 10+LY). These data indicated
that EMPA inhibits NOX activation by suppressing PKC activity in 10%-
stretched HCAECs.

EMPA and LY-333531 both lowered the 10 % stretch induced ROS
generation, and a combined treatment exerted no additional effect
(Fig. 1D, x-fold compared with 5+Veh, 10+EMPA: 1.25 + 0.42, 10+LY:
1.14 £+ 0.58, P both<0.05 vs 10+Veh: 3.90 + 1.40; 10+EMPA + LY:
1.22 £ 0.70, P > 0.05 vs 10+LY). LY-333531 restored the VE-cadherin
loss and cell permeability increase in cells subjected to 10 % stretch
(Fig. 1E, VE-cadherin/a-tubulin, x-fold compared with 5+Veh, 10+LY:
0.93 £+ 0.14, P < 0.05 vs 10+Veh: 0.71 + 0.07; Fig. 1F, cell perme-
ability, x-fold compared with 5+Veh, 10+LY: 1.11 4+ 0.56, P < 0.05 vs
10+Veh: 3.09 + 1.32). Immunofluorescence staining shows that 10 %
stretch significantly disrupted cell-cell junctions formed by VE-cadherin,
which was prevented by LY-333531 (Fig. 1G). These data are in line with
our previous findings that EMPA prevents the cell permeability disrup-
tion induced by 10 % stretch [9]. The endothelial protective effect of
LY-333531 was not further amplified when LY-333531 was combined
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with EMPA, suggestive of similar mechanisms of protection by these two permeability in 10%-stretched endothelial cells by inhibiting PKC

compounds (Figs. 1E and 10+EMPA + LY: 0.93 + 0.18. P > 0.05 vs activity.
10+LY; Figs. 1F and 10+EMPA + LY: 1.09 + 0.27, P > 0.05 vs 10+LY). Furthermore, 10 nM PKC activator PMA stimulated ROS production
Taken together, EMPA reduces increased ROS production and cell in ECs undergoing 5 % stretch, suggesting PKC as one of the pivotal
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Fig. 2. PKC knockdown prevents the increase in NOX activity and ROS generation in HCAECs exposed to Ca2* ionophore ionomycin. Cells were incubated
with Fluo4-AM for 30 min, followed by 30 min de-esterification, Ca®>* was measured using live cell imaging. Briefly, cells were imaged every 5 s for five times to
obtain a baseline value of total fluorescence intensity (TFIO). Afterwards, 0.2 pM ionomycin or 0.02 % DMSO (Veh) was loaded on the cells and the changes of
fluorescence intensities of cells were recorded every 5 s for 5 min. The increase in intracellular Ca®* was quantified using the area under curve (AUC) (A, n = 5).
Representative images are shown in Figs. S16-A. To explore the role of PKC- in Ca®" related oxidative stress, PKC-p knock down was performed using siRNA. Wilde-
type HCAECs or PKC-p knockdown cells were subjected to 5 % stretch for 24 h with or without 0.2 pM ionomycin, the study flowchart is shown in Fig. 3B. PKC
activity was measured from wild-type cells receiving vehicle or ionomycin (D, n = 4). The efficiency of PKC-p knockdown was validated with qPCR (D, n = 3). NOX
activity was measured from cell lysates (E, n = 4) and ROS were quantified using mean fluorescence intensity (MFI) (F, n = 4). Data are presented as mean + SD. P <
0.05, referred as *; ** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001, were considered statistically significant. ROS data were normalized to 5+Veh group

and non-normalized ROS values were presented in Fig. S10 and Table S2.

mediators for oxidative stress in HCAECs (Fig. S1). Application of
GKT136901 completely abrogated the increase in NOX activity
measured from cell lysates, proving NOX1/4 as the dominant isoform
that contribute to NOX activation in stretched ECs (Fig. S2). The sensi-
tivity of applied NOX activity was validated by a linear regression
analysis between the crude protein amount and measured NADH con-
sumption rate (Fig. S2). Application of EMPA and LY-333531 alone did
not modulate ROS production in HCAECs exposed to 5 % stretch
(Fig. S3, P both >0.05).

3.2. PKC knockdown prevents the increase in NOX activity and ROS
generation in HCAECs exposed to ca?t ionophore ionomycin

Calcium overload directly activates PKC-p by recruiting its C2
domain to the cellular membrane, therefore promoting the development
of pro-arrhythmogenic cardiac alternants in rabbit hearts [23,24]. To
explore the functional relationship between cytosolic Ca?t and oxida-
tive stress in HCAECs, 0.2 pM ionomycin (IONO) was applied to enhance
intracellular Ca®* (Fig. 2A, AUC, Veh: 7.59 + 5.09 vs IONO: 116.10 +
10.28, P < 0.05). Additionally, ionomycin potently activated PKC in
endothelial cells (Fig. 2C). Transfection with specific siRNA reduced
PKC-p expression by 80 % (Fig. 2D, PKC-p/p-actin, WT: 1.01 + 0.02 vs
PKC- KD: 0.19 + 0.24, P < 0.05), which potently abrogated the in-
crease in NOX activity and ROS production in HCAECs cells receiving
ionomycin (Fig. 2E, NOX activity, OD/mg/min, WT + Veh: 10.83 +
3.02, P < 0.05 vs WT + IONO: 37.13 + 6.55; PKC-$ KD + Veh: 12.37 +
8.47, P > 0.05 vs PKC-f KD + IONO: 13.39 =+ 4.85; Fig. 2F, ROS, x-fold
compared with PKC-p KD + IONO: 1.07 £+ 0.32, P < 0.05 vs WT +
IONO: 3.52 + 2.23; PKC-f KD + Veh: 1.09 + 0.23, P > 0.05 vs PKC-p KD
+ IONO). Furthermore, PKC-$ knockdown blocked the NOX activation
by 10 % stretch (Fig. S4), indicating PKC-f as a mediator for stretch
related oxidative stress.

3.3. EMPA might reduce intracellular Ca®* through NCX, leading to the
inhibition of PKC activation and oxidative stress in 10%-stretched
HCAECs

In static HCAECs, EMPA, NCX inhibitor ORM-10962 and calcium
chelator BAPTA-AM lowered intracellular Ca?" in HCAECs (Fig. 3A,
AUC, EMPA: 53.23 + 4.94, NCXi: 64.17 £ 5.11, BAPTA: 13.90 + 3.94, P
all <0.05 vs Veh: 91.86 + 5.41). Combination of EMPA and NCX in-
hibitor ORM-10962 did not cause further reduction in Ca" when
compared to EMPA alone (Fig. 3A, NCXi + EMPA: 49.40 + 3.37, P >
0.05 vs EMPA), suggesting that EMPA might lower Ca?" in HCAECs via
inhibition of NCX. In cells exposed to 10 % stretch, BAPTA-AM and
ORM-10962 both prevented the enhanced PKC activity and oxidative
stress caused by 10 % stretch (Fig. 3C, OD/mg, 10+BAPTA: 1.11 + 0.33,
10+NCXi: 1.72 £ 0.35, P both <0.05 vs 10+Veh: 2.65 + 0.59; Fig. 3D,
NOX activity, OD/mg/min, 5+Veh: 7.96 + 3.29, 10+BAPTA: 11.96 +
4.58, 10+NCXi: 17.06 £ 5.95, P all <0.05 vs 10+Veh: 30.13 + 6.34;
Fig. 3E, ROS, x-fold compared with 5+Veh, 10+BAPTA: 1.24 + 0.39,
10+NCXi: 1.25 + 0.28, P both <0.05 vs 10+Veh: 5.05 + 2.30). Addi-
tionally, BAPTA-AM and ORM-10962 both restored the increased cell
permeability of cells undergoing 10 % stretch BAPTA-AM and ORM-
10962 both restored the increased cell permeability of cells

undergoing 10 % stretch (Fig. 4B, cell permeability, x-fold compared
with 5+Veh, 10+BAPTA: 1.32 + 0.72 vs 10+Veh: 3.66 + 1.96; Fig. 4C,
cell permeability, x-fold compared with 5+Veh, 10+NCXi: 1.20 + 0.50
vs 10+Veh: 4.38 + 1.74, P both <0.05). BAPTA-AM prevented the VE-
cadherin disruption in 10%-stretched HCAECs (Fig. 4D), suggesting
that intracellular Ca®* is one intermediator for stretch related endo-
thelial barrier dysfunction [25,26].

To further validate the role of NCX1 as an intermediator for stretch
related PKC activation, activity of PKC was measured from NCX1 siRNA
knockdown HCAECs undergoing 24 h stretch. Data from three individ-
ual experiments suggested that knockdown of NCX1 prevented the in-
crease in PKC activity caused by 10 % stretch (Fig. S5).

3.4. EMPA inhibits stretch induced PKC activity and NOX activation via
inhibition of the NHE/Na' pathway

The NHE inhibitor cariporide prevented the increase in PKC activity
induced by 10 % stretch (Fig. 5B, OD/mg, 5+Veh: 1.07 + 0.23, 10+Cari:
1.90 + 0.30, P both <0.05 vs 10+Veh: 2.72 + 0.74), and the PKC
inhibitory effect of cariporide was not augmented when combined with
EMPA (Figs. 5B and 10+Cari + EMPA: 1.87 + 0.25, P > 0.05 vs
10+Cari). Combination of cariporide and EMPA exerted similar inhibi-
tory capacity on stretch enhanced NOX activity as cariporide alone
(Fig. 5C, relative NOX activity, OD/min/mg, 10+Cari: 9.26 + 5.15 vs
10+Veh: 32.95 + 6.57, P < 0.05; 10+Cari + EMPA: 14.47 +2.32, P >
0.05 vs 10-+Cari). Additional experiments revealed that ouabain
potently upregulated ROS generation in HCAECs exposed to 5 % stretch
(Fig. 5D, x-fold compared with 5+Veh, 5+ouabain: 2.44 + 1.03, P <
0.05 vs 5+Veh).

3.5. EMPA reduces intracellular Ca®* via Na*/NCX pathway, which is
partially mediated by the inhibition of NHE

In the current study, we investigated if EMPA reduces intracellular
Ca2* through inhibiting NHE activity and lowering cytosolic Na* in
HCAEGs. The NHE inhibitor cariporide reduced intracellular Ca®* in
resting ECs (Fig. 6A, AUC, Cari: 46.95 + 5.84, P < 0.05 vs Veh: 74.64 +
7.15), revealing a causal link between lowered NHE activity and
decreased intracellular Ca®" in human ECs. Surprisingly, the combina-
tion of cariporide with EMPA exerted an even more potent Ca®" inhi-
bition than cariporide alone (Cari + EMPA: 33.26 + 3.24, P < 0.05 vs
Cari).

In order to explore the interaction of NHE1, cytosolic Na* and NCX1
in the Ca®* mobilization of HCAECs, Ca?t measurements were per-
formed in NCX1 knockdown cells in the presence of cariporide or
ouabain. NCX knockdown led to further Ca?" decrease in HCAECs
receiving cariporide (Fig. 6D, AUC, WT + Cari: 87.77 + 15.71, P < 0.05
vs NCX1 KD + Cari: 28.0 + 11.22), while the NHE inhibitor did not
reduce the intracellular Ca®>t in NCX inhibited cells (NCX1 KD +
Veh:11.10 + 11.16, P > 0.05 vs NCX1 KD + Cari). Additionally, NCX
knockdown completely abrogated the enhancement in intracellular
Ca2* caused by the sodium pump inhibitor ouabain (Fig. 6E, AUC, WT +
Veh: 64.77 + 6.40, P < 0.05 vs WT + Ouabain: 107.60 + 12.97; NCX1
KD + Veh: 29.75 + 5.583, P > 0.05 vs WT + Ouabain: 33.19 + 7.115),
showing that accumulated cytosolic Na ' can trigger the increase in
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Fig. 3. EMPA reduces intracellular Ca?>* probably through NCX, leading to the inhibition of PKC activation and oxidative stress in 10%-stretched HCAECs.
Cells were incubated with Fluo4-AM for 30 min in the presence of either vehicle, 1 pM EMPA, 100 nM ORM-10962, EMPA plus ORM-10962, or 5 pM BAPTA-AM,
followed by 30 min de-esterification with respective treatment, and Ca®* was measured using live cell imaging. Briefly, cells were imaged every 5 s for five times to
get a baseline value of total fluorescence intensity (TFIO). Afterwards, 1.2 mM Ca>* was loaded on the cells and the changes of fluorescence intensities of cells were
recorded every 5 s for 5 min. The increase in intracellular Ca®* was quantified using the area under curve (AUC) (Figure A, n = 5). Representative images are shown
in Figs. S16-B. To investigate the casual link between NCX/Ca* and stretch related endothelial dysfunction, cells were pre-incubated for 2 h with vehicle, 100 nM
ORM-10962, or 5 pM BAPTA-AM, before exposure to 5 % stretch or 10 % stretch. After 24 h, PKC activity, NOX activity and ROS were measured from cell lysate (C, n
= 5; D, n = 5), the flow chart is shown in Fig. 3B. ROS were quantified using mean fluorescence intensity (MFI) (E, n = 5). Data are presented as mean + SD. P <
0.05, referred as *; ** for P < 0.01, *** for P < 0.001 and * for P < 0.0001, were considered statistically significant.

ROS data were normalized to the 5+Veh group and non-normalized ROS values are presented in Fig. S11 and Table S2.

intracellular Ca>" in HCAECs through NCX. Taken together, these data exposed to 10 % stretch is summarized in Fig. 7.

suggest that EMPA might lower cytosolic Ca?* through inhibition of the Noticeably, the current manuscript showed no significant effect of
Na'/NCX axis, and this effect is partially mediated by NHE. The pro- 10 % stretch or EMPA on the mRNA and protein levels of PKC-$, NOX4,
posed mechanism behind the anti-oxidative effect of EMPA in cells NCX1 and NHEI, suggesting that the endothelial protective effect of
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Fig. 4. BAPTA-AM and ORM-10962 prevent the enhanced cell permeability in HCAECs undergoing 10 % stretch. Cells were pre-incubated for 2 h with
vehicle, 100 nM ORM-10962, or 5 pM BAPTA-AM, before exposure to 5 % stretch or 10 % stretch. After 24 h, cell permeability assay and VE-cadherin staining were
performed and the experiment flow chart is shown in Fig. 4A. Cell permeability was quantified using mean fluorescence intensity (MFI) and all the data were
normalized to 5+Veh group (B, n = 6; C, n = 5). Representative images for VE-cadherin staining are shown in Fig. 4D. Data are presented as mean + SD. P < 0.05,
referred as *; ** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001, were considered statistically significant.

EMPA is not mediated by changes in the expression of these genes
(Figs. S6-S8).

4. Discussion

The major findings of the present study are: (1) EMPA prevents NOX
activation and ROS production by inhibiting PKC activity in HCAECs
exposed to 10 % stretch; and (2) the PKC suppression by EMPA is
mediated through inhibition of the NHE/Na*/NCX/Ca?* axis.

4.1. EMPA ameliorates stretch related endothelial dysfunction by
inhibition of PKC

In stretched human urothelial cells, PKC a, p and ¢ are translocated
from cytosol (quiescent location) to nuclei and cellular membranes
(active location), suggesting a potential activation of these isoforms by
stretch [27]. Correspondingly, we detected an induction of PKC activity
in HCAECs exposed to 10 % stretch. The increase in PKC activity was
significantly reverted by EMPA, revealing a novel PKC inhibitory effect
of this SGLT2i in stretched HCAECs. EMPA and the PKC inhibitor

LY-333531 both prevented stretch-induced NOX activation and ROS
production, showing an essential involvement of PKC in the
anti-oxidative effect of EMPA.

Hyperglycaemia might enhance total PKC activity, and consequently
compromises barrier integrity of human brain microvascular endothelial
cells [13]. More recently, O’Neil et al. demonstrated that the PKC acti-
vator PMA stimulates NOX4 expression and ROS generation in cord
blood-derived endothelial colony-forming cells, therefore promoting
their in vitro migration and tubulogenesis capacity [28]. Inhibition of
NOX4 by VAS2870 abolished the PMA-related tube formation, high-
lighting the interaction between PKC and NOX in the maintenance of
cardiovascular haemostasis [28].

However, the involvement of individual PKC isoforms in the devel-
opment of cardiovascular dysfunction is still a matter of debate. Ac-
cording to our current study, specific blockage of PKC-§ by 10 nM LY-
333531 reverted the oxidative stress and the barrier dysfunction of
pathologically stretched HCAECs, and these effects were not further
amplified when combined with EMPA. Moreover, PKC-$ knockdown
completely abrogated the NOX activation in HCAECs undergoing 10 %
stretch. These data suggest that PKC-p is the major mediator of the
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Fig. 5. EMPA inhibits stretch increased PKC activity and NOX activation via the NHE/Na + pathway. Cells were pre-incubated with either vehicle, 10 pM
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with cariporide or combined treatment (B, n = 5; C, n = 5). Influence of ouabain on ROS production was analysed from cells exposure to physiological stretch (D, n =

5). Data are presented as mean + SD. P < 0.05, referred as *;

** for P < 0.01, *** for P < 0.001 and **** for P < 0.0001, were considered statistically significant.

ROS data were normalized to 5+Veh group and non-normalized ROS values are presented in Fig. S12 and Table S2.

endothelial protection by EMPA under stretch conditions. Correspond-
ingly, a previous study showed that 400 nM LY-333531 (resembling an
all-PKC isoforms inhibiting concentration) does not further prevent
hyperglycaemia-induced monocyte attachment to human ECs when
compared with 10 nM LY-33351 (a PKC-f specific inhibiting concen-
tration) [29], further showing the dominant role of PKC-§ activation in
endothelial dysfunction. However, inhibition of PKC-« and -f isoforms
were both shown to counteract the deterioration of human cerebral
barrier by hyperglycaemia [13].

4.2. Inhibition of stretch induced PKC activity by EMPA is mediated via
NHE/Na"/NCX/Ca*" axis

EMPA lowered intracellular Ca>" concentration in isolated ventric-
ular myocytes from rats and rabbits [14]. More recently, Mustroph et al.
showed that 24 h exposure to 1 pM EMPA strongly reduces sarcoplasmic
reticulum Ca?* leakage in failing cardiomyocytes of human and mice
[30], suggesting that Ca®* inhibition is a piece of the puzzle underlying
cardiovascular protection by EMPA. Increased intracellular Ca2* is an
indispensable regulator of PKC-§ activity, one of the classical PKC iso-
forms that contain a calcium-binding C2 domain. Upon exposure to
increased Ca®", PKC-B is activated following the binding of Ca®* to its C2
domain, the translocation to the cellular membrane, and the interaction
between Cla domain and its ligand diacyglycerol [31]. In the current
study, a knockdown of PKC-p by 70 % blocks the increased NOX activity
and ROS production induced by ionomycin, suggesting a causal relation
between Ca’-dependent PKC activation and oxidative stress in

HCAECs. Furthermore, we explored the effect of EMPA on cytosolic Ca®"
in HCAECs. In line with previous findings in cardiomyocytes, we found
that 1 uM EMPA, as well as BAPTA-AM, lowers cytosolic Ca®* in
HCAECs. Additionally, BAPTA-AM prevents the induction of PKC acti-
vation, oxidative stress and cell permeability by increased stretch,
indicating that Ca®* is involved in the protective effect of EMPA against
stretch-related endothelial dysfunction.

Lowering intracellular Ca®* by EMPA in cardiomyocytes occurs
secondary to the reduction in intracellular Na®, which might be medi-
ated by the direct NHE inhibitory capacity of EMPA [14]. In the present
study we focused on the detailed molecular mechanisms underlying the
Ca®* lowering effect of EMPA. Inhibition of NCX by ORM-10962 and
NCX1 knockdown both reduced intracellular Ca?* concentration in
HCAEGs, and the combination of EMPA and an NCX inhibitor does not
lead to further reduction compared to ORM-10962 alone. These data
suggest NCX1 as a potential mediator for the Ca?* reducing effect of
EMPA. Furthermore, we observed increased cytosolic Ca2t levels in
HCAEC:s following exposure to the sodium pump inhibitor ouabain, as
well as a decrease in intracellular Ca®" levels in cells treated with the
NHE inhibitor cariporide. Moreover, NCX inhibition/knockdown and
cariporide attenuated the increased PKC activity in HCAECs exposed to
10 % stretch, while ouabain stimulated oxidative stress in cells under-
going 5 % stretch. These data indicate the involvement of NHE, Na™ and
NCX in the stretch related PKC activation and oxidative stress of
HCAECs. To further explore the interaction between NCX1 and
NHE/Na™ in the Ca?" mobilization in endothelial cells, Ca®*" measure-
ments were performed in cells transfected with NCX1 siRNA. NCX1
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Fig. 6. EMPA reduces intracellular Ca®* via the Na*/NCX pathway, which is partially mediated by the inhibition of NHE. Cells were incubated with Fluo4-
AM for 30 min in the presence of either vehicle, 10 uM cariporide, or cariporide plus 1 uM EMPA, followed by 30 min de-esterification, Ca>* was measured using live
cell imaging. The increase in intracellular Ca®>* was quantified using the area under curve (AUC) (A, n = 5). Representative images are shown in Figs. $16-C. To show
the interaction between NHE1/Na*t and NCX1 in the Ca?" mobilization of HCAECs, Ca®>* measurements were performed in cells transfected with NCX1 siRNA, in the
presence of cariporide or ouabain (C, n = 5; D, n = 5). The flow chart is presented in Fig. 6B and representative images are shown in Figure S16-D and S16-E,

respectively. NCX1 knockdown was validated using qPCR (C, n = 4). Data are presented as mean + SD. P < 0.05, referred as *; ** for P < 0.01, *** for P < 0.001

and **** for P < 0.0001, were considered statistically significant.
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Fig. 7. Synopsis of the main outcomes of the study. EMPA lowers intracellular Ca®* via inhibiting the NHE/Na*/NCX axis, in turn preventing PKC activity and NOX
activation induced by 10 % stretch, as well as suppressing ROS generation.

knockdown abolishes the Ca?" enhancing effect of ouabain, showing measurements in our study were performed using static cells. Neverthe-
that NCX1 is a crucial mediator for the increase in cytosolic Ca>* sec- less, considering that EMPA strongly reduces intracellular Ca%* concen-
ondary to Na ™ accumulation. tration, and that the calcium chelator BAPTA-AM significantly attenuate

Noticeably, combination of EMPA with cariporide demonstrated an PKC activation and oxidative stress in ECs subjected to 10 % stretch, we
additional inhibition on Ca?* enhancement compared to cariporide have confirmed our hypothesis that the protective effect of EMPA on
alone. The NHE inhibitory capacity of EMPA is still a matter of debate. In pathologically stretched ECs is mediated by Ca®' related pathways.
contrast to our findings, Juni et al. reported a more effective ROS Furthermore, there is still an ongoing debate about the involvement of
reduction by 1 pM EMPA than by 10 pM cariporide (63 % vs. 38 %) in SGLT2 in the endothelial effects of EMPA. However, our recent study
microvascular ECs stimulated by uremic serum from patients with showed that EMPA demonstrates comparable protective effect against
chronic kidney disease [32]. This study indicated that at least part of the ischemia/reperfusion induced heart infarction in wild-type mice and
endothelial protection via EMPA does not involve NHE. Moreover, NCX1 global SGLT2-knockout mice, providing for the first time a strong evidence
knockdown further lowers intracellular Ca®* in HCAECs receiving car- for the SGLT2-independent cardiovascular benefit of EMPA [36]. We did
iporide, while cariporide does not reduce the cytosolic Ca2t in NCX1 not measure the direct effect of EMPA on NHE activity and intracellular
knockdown cells. These data indicate that the Ca?" reducing effect of Na™ as we have previously shown that EMPA potently lowers NHE activity
NHE inhibitor cariporide is mediated by NCX1, but only part of the Ca®* and cytosolic Na' in HCAECs [10]. We have demonstrated in numerous
mobilization through NCX1 happens secondarily to NHE inhibition. publications that EMPA potently inhibited NHE activity in various cell
More recent studies suggest that EMPA also lowers intracellular Na™ in types such as human endothelial cells, rabbit cardiomyocytes, mouse
cardiomyocytes through direct or indirect inhibition of the late sodium cardiomyocytes, and demonstrated by in silico NHE-docking studies the
channel current (e.g., through Ca?*/Calmodulin-dependent kinase II) binding of SGLT2i’s to NHE1 [12,37]. NHE1 inhibition by SGLT2i’s has
[33,34]. Yet, it is still unclear if late sodium channel is expressed in also been demonstrated for human atrial cardiomyocyte cells [38]. Three
human ECs. These novel findings concerning the inhibitory effects of different laboratories around the world have demonstrated, using various
EMPA on ion channels other than NHE might also help to interpret the techniques, that EMPA directly binds to the NHE [35,39,40]. These find-
present data. Furthermore, another structure-based computation study ings have provided robust evidence that EMPA inhibits and binds to the
has been performed to compare the ability of EMPA and cariporide to NHE in various cell types. Yet, it is true that the precise molecular binding
bind to NHE [35]. EMPA provides an even more stable interaction with partners (amino acids) of SGLT2i’s to NHE1 are still unclear and should be
NHE than cariporide, which might explain the stronger NHE-mediated resolved, but we consider this as outside the scope of the current work.
Ca?* reduction by EMPA compared to cariporide [35]. Using the well-reported intracellular Nat enhancer ouabain and NHE in-

hibitor cariporide [10,26], this study has given a detailed insight into the
NHE/Na't/NCX1 interaction in the endothelial protective effects of EMPA.
Additionally, the current manuscript suggested that stretch or EMPA did
not influence the mRNA levels of target genes (e.g., PKCp, NHE1). Despite
unchanged RNA quantities, post-transcriptional and post-translational
mechanisms could also lead to variations in protein levels. Further
studies are required to explore whether changes in protein activities in
HCAECs exposed to 10 % stretch or EMPA are based on alterations in
mRNA quantity, protein quantity, or interactions of the enzyme with ac-
tivators or inhibitors.

4.3. Limitations

The current project is an in vitro study performed with HCAECs iso-
lated from healthy donors. Whether the findings reported here can be
translated to patients with cardiovascular disease requires further inves-
tigation. Cyclic stretch was induced using the FX-6000T™ Tension Sys-
tem. It is not feasible to conduct real-time live cell imaging on this device
using inverted Microscopy, because a non-transparent baseplate beneath
the cell culture wells is needed during stretch. Thus, all calcium
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5. Conclusion

We here demonstrated a novel PKC inhibitory effect of EMPA in
HCAECs under mechanical forces, which may also be a major pathway
to explain the observed anti-oxidative effects of SGLT2i’s on cells
exposed to different pathological stimuli (e.g. hyperglycaemia, inflam-
matory cytokines, cyclic stretch). Using mechanically activated
HCAECs, we further showed that modulation of intracellular ion ho-
meostasis (e.g. Na™ and Ca®") by EMPA through ion channels like NHE
and NCX contributes to the amelioration of endothelial dysfunction.
These findings improve the understanding of the cardiovascular benefits
of SGLT2i’s.

Funding

X.L. and M.W. are supported by Chinese Scholarship Council (CSC)
fellowship program (2019xxxx0054 and 2022xxxx0005). The research
received no specific grant from any funding agency in the public, com-
mercial or non-for-profit sectors.

Author contribution

Xiaoling Li: Data acquisition and analysis, Data interpretation,
Manuscript preparation and editing; Mengnan Wang: Data acquisition
and analysis, Data interpretation; Jan-Ole Kalina: Data acquisition and
analysis, Data interpretation; Benedikt Preckel: Conceptualization,
Data interpretation, Manuscript preparation and editing; Markus W.
Hollmann: Conceptualization, Data interpretation, Manuscript editing;
Martin Albrecht: Conceptualization, Data interpretation, Manuscript
editing; Coert J. Zuurbier: Conceptualization, Data interpretation,
Manuscript editing; Nina C. Weber: Conceptualization, Data interpre-
tation, Manuscript preparation and editing, Supervision.

Declaration of competing interest
Authors declare that there are no conflicts of interest.
Acknowledgement

We thank Cacharel D. Nadeem, Jil Seehaber, Raphaela P. Ker-
indongo, Marlene Wolfsgruber and Ron Hoebe for their help during this
project.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2023.102979.

References
[1] M. Packer, S.D. Anker, J. Butler, et al., Cardiovascular and renal outcomes with

empagliflozin in heart failure, N. Engl. J. Med. 383 (15) (2020) 1413-1424,

https://doi.org/10.1056/NEJMo0a2022190.

S.D. Anker, J. Butler, G. Filippatos, et al., Empagliflozin in heart failure with a

preserved ejection fraction, N. Engl. J. Med. 385 (16) (2021) 1451-1461, https://

doi.org/10.1056/NEJM0a2107038.

X. Li, B. Preckel, J. Hermanides, et al., Amelioration of endothelial dysfunction by

sodium glucose co-transporter 2 inhibitors: pieces of the puzzle explaining their

cardiovascular protection, Br. J. Pharmacol. 179 (16) (2022) 4047-4062, https://

doi.org/10.1111/bph.15850.

J.P. Monteiro, M. Bennett, J. Rodor, et al., Endothelial function and dysfunction in

the cardiovascular system: the long non-coding road, Cardiovasc. Res. 115 (12)

(2019) 1692-1704, https://doi.org/10.1093/cvr/cvz154.

Y. Shi, P.M. Vanhoutte, Macro- and microvascular endothelial dysfunction in

diabetes, J. Diabetes 9 (5) (2017) 434-449, https://doi.org/10.1111/1753-

0407.12521.

W.J. Zhang, P.X. Li, X.H. Guo, et al., Role of moesin, Src, and ROS in advanced

glycation end product-induced vascular endothelial dysfunction, Microcirculation

24 (3) (2017), https://doi.org/10.1111/micc.12358.

R.P. Juni, D.W.D. Kuster, M. Goebel, et al., Cardiac microvascular endothelial

enhancement of cardiomyocyte function is impaired by inflammation and restored

[2]

[3]

[4]

[5]

[6]

[71

12

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Redox Biology 69 (2024) 102979

by empagliflozin, JACC Basic Transl. Sci. 4 (5) (2019) 575-591, https://doi.org/
10.1016/j.jacbts.2019.04.003.

L. Uthman, A. Homayr, R.P. Juni, 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. 53 (5)
(2019) 865-886, https://doi.org/10.33594/000000178.

X. Li, G. Romer, R.P. Kerindongo, et al., Sodium glucose Co-transporter 2 inhibitors
ameliorate endothelium barrier dysfunction Induced by cyclic Stretch through
Inhibition of reactive oxygen species, Int. J. Mol. Sci. 22 (11) (2021), https://doi.
org/10.3390/ijms22116044.

L. Uthman, X. Li, A. Baartscheer, et al., Empagliflozin reduces oxidative stress
through inhibition of the novel inflammation/NHE/[Na(+)]c/ROS-pathway in
human endothelial cells, Biomed. Pharmacother. 146 (2022) 112515, https://doi.
org/10.1016/j.biopha.2021.112515.

H.E. Cingolani, N.G. Perez, B. Pieske, et al., Stretch-elicited Na+/H+ exchanger
activation: the autocrine/paracrine loop and its mechanical counterpart. Cardiovasc
Res 57 (4) (2003) 953-960, https://doi.org/10.1016/50008-6363(02)00768-x.

S. Chen, R. Coronel, M.W. Hollmann, et al., Direct cardiac effects of SGLT2
inhibitors, Cardiovasc. Diabetol. 21 (1) (2022) 45, https://doi.org/10.1186/
§12933-022-01480-1.

B. Shao, U. Bayraktutan, Hyperglycaemia promotes cerebral barrier dysfunction
through activation of protein kinase C-beta, Diabetes Obes. Metabol. 15 (11)
(2013) 993-999, https://doi.org/10.1111/dom.12120.

A. Baartscheer, C.A. Schumacher, R.C. Wust, et al., Empagliflozin decreases
myocardial cytoplasmic Na(+) through inhibition of the cardiac Na(+)/H(+)
exchanger in rats and rabbits, Diabetologia 60 (3) (2017) 568-573, https://doi.
org/10.1007/s00125-016-4134-x.

D. Cappetta, A. De Angelis, L.P. Ciuffreda, et al., Amelioration of diastolic
dysfunction by dapagliflozin in a non-diabetic model involves coronary
endothelium, Pharmacol. Res. 157 (2020) 104781, https://doi.org/10.1016/j.
phrs.2020.104781.

C.J. Zuurbier, A. Baartscheer, C.A. Schumacher, et al., Sodium-glucose co-transporter
2 inhibitor empagliflozin inhibits the cardiac Na+/H+ exchanger 1: persistent inhibition
under various experimental conditions. Cardiovasc Res 117 (14) (2021) 2699-2701,
https://doi.org/10.1093/cvr/cvab129.

N. Davidovich, B.C. DiPaolo, G.G. Lawrence, et al., Cyclic stretch-induced oxidative
stress increases pulmonary alveolar epithelial permeability, Am. J. Respir. Cell
Mol. Biol. 49 (1) (2013) 156-164, https://doi.org/10.1165/rcmb.2012-02520C.
G. Gandaglia, M. Sun, I. Popa, et al., Cardiovascular mortality in patients with
metastatic prostate cancer exposed to androgen deprivation therapy: a population-
based study, Clin. Genitourin. Cancer 13 (3) (2015) e123-e130, https://doi.org/
10.1016/j.clgc.2014.12.003.

M. Lorenz, R. Fritsche-Guenther, C. Bartsch, et al., Serum starvation accelerates
intracellular metabolism in endothelial cells, Int. J. Mol. Sci. 24 (2) (2023),
https://doi.org/10.3390/ijms24021189.

M. Pietzke, S. Kempa, Pulsed stable isotope-resolved metabolomic studies of cancer
cells, Methods Enzymol. 543 (2014) 179-198, https://doi.org/10.1016/B978-0-
12-801329-8.00009-X.

AM. Vincent, L.L. McLean, C. Backus, et al., Short-term hyperglycemia produces
oxidative damage and apoptosis in neurons, Faseb. J. 19 (6) (2005) 638-640,
https://doi.org/10.1096/£j.04-2513fje.

L. Uthman, M. Kuschma, G. Romer, et al., Novel anti-inflammatory effects of
canagliflozin involving hexokinase II in lipopolysaccharide-stimulated human
coronary artery endothelial cells, Cardiovasc. Drugs Ther. 35 (6) (2021)
1083-1094, https://doi.org/10.1007/s10557-020-07083-w.

A.X. Wu-Zhang, A.C. Newton, Protein kinase C pharmacology: refining the toolbox,
Biochem. J. 452 (2) (2013) 195-209, https://doi.org/10.1042/BJ20130220.

P.P. Zhang, L. Hu, Y.J. Tian, et al., Inhibition of Ca(2+)-dependent protein kinase C
rescues high calcium-induced pro-arrhythmogenic cardiac alternans in rabbit hearts.
Pflugers Arch 473 (8) (2021) 1315-1327, https://doi.org/10.1007/500424-021-
02574-7.

G.P. van Nieuw Amerongen, R. Draijer, M.A. Vermeer, et al., Transient and
prolonged increase in endothelial permeability induced by histamine and
thrombin: role of protein kinases, calcium, and RhoA, Circ. Res. 83 (11) (1998)
1115-1123, https://doi.org/10.1161/01.res.83.11.1115.

R. Sandoval, A.B. Malik, R.D. Minshall, et al., Ca(2+) signalling and PKCalpha
activate increased endothelial permeability by disassembly of VE-cadherin junctions. J
Physiol 533 (Pt 2) (2001) 433-445, https://doi.org/10.1111/j.1469-
7793.2001.0433a.x.

T.J. Jerde, W.S. Mellon, D.E. Bjorling, et al., Stretch induction of cyclooxygenase-2
expression in human urothelial cells is calcium- and protein kinase C zeta-
dependent, Mol. Pharmacol. 73 (1) (2008) 18-26, https://doi.org/10.1124/
mol.108.035519.

K.M. O’Neill, D.C. Campbell, K.S. Edgar, et al., NOX4 is a major regulator of cord
blood-derived endothelial colony-forming cells which promotes post-ischaemic
revascularization. Cardiovasc Res 116 (2) (2020) 393-405, https://doi.org/
10.1093/cvr/cvz090.

T. Kunt, T. Forst, C. Kazda, et al., The beta-specific protein kinase C inhibitor
ruboxistaurin (LY333531) suppresses glucose-induced adhesion of human
monocytes to endothelial cells in vitro, J. Diabetes Sci. Technol. 1 (6) (2007)
929-935, https://doi.org/10.1177/193229680700100620.

J. Mustroph, O. Wagemann, C.M. Lucht, et al., Empagliflozin reduces Ca/calmodulin-
dependent kinase II activity in isolated ventricular cardiomyocytes. ESC Heart Fail 5 (4)
(2018) 642-648, https://doi.org/10.1002/ehf2.12336.


https://doi.org/10.1016/j.redox.2023.102979
https://doi.org/10.1016/j.redox.2023.102979
https://doi.org/10.1056/NEJMoa2022190
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1056/NEJMoa2107038
https://doi.org/10.1111/bph.15850
https://doi.org/10.1111/bph.15850
https://doi.org/10.1093/cvr/cvz154
https://doi.org/10.1111/1753-0407.12521
https://doi.org/10.1111/1753-0407.12521
https://doi.org/10.1111/micc.12358
https://doi.org/10.1016/j.jacbts.2019.04.003
https://doi.org/10.1016/j.jacbts.2019.04.003
https://doi.org/10.33594/000000178
https://doi.org/10.3390/ijms22116044
https://doi.org/10.3390/ijms22116044
https://doi.org/10.1016/j.biopha.2021.112515
https://doi.org/10.1016/j.biopha.2021.112515
https://doi.org/10.1016/s0008-6363(02)00768-x
https://doi.org/10.1186/s12933-022-01480-1
https://doi.org/10.1186/s12933-022-01480-1
https://doi.org/10.1111/dom.12120
https://doi.org/10.1007/s00125-016-4134-x
https://doi.org/10.1007/s00125-016-4134-x
https://doi.org/10.1016/j.phrs.2020.104781
https://doi.org/10.1016/j.phrs.2020.104781
https://doi.org/10.1093/cvr/cvab129
https://doi.org/10.1165/rcmb.2012-0252OC
https://doi.org/10.1016/j.clgc.2014.12.003
https://doi.org/10.1016/j.clgc.2014.12.003
https://doi.org/10.3390/ijms24021189
https://doi.org/10.1016/B978-0-12-801329-8.00009-X
https://doi.org/10.1016/B978-0-12-801329-8.00009-X
https://doi.org/10.1096/fj.04-2513fje
https://doi.org/10.1007/s10557-020-07083-w
https://doi.org/10.1042/BJ20130220
https://doi.org/10.1007/s00424-021-02574-7
https://doi.org/10.1007/s00424-021-02574-7
https://doi.org/10.1161/01.res.83.11.1115
https://doi.org/10.1111/j.1469-7793.2001.0433a.x
https://doi.org/10.1111/j.1469-7793.2001.0433a.x
https://doi.org/10.1124/mol.108.035519
https://doi.org/10.1124/mol.108.035519
https://doi.org/10.1093/cvr/cvz090
https://doi.org/10.1093/cvr/cvz090
https://doi.org/10.1177/193229680700100620
https://doi.org/10.1002/ehf2.12336

X. Lietal

[31]

[32]

[33]

[34]

[35]

[36]

A. Ghigo, M. Laffargue, M. Li, et al., PI3K and calcium Signaling in cardiovascular
disease. Circ res 121 (3) (2017) 282-292, https://doi.org/10.1161/
CIRCRESAHA.117.310183.

R.P. Juni, R. Al-Shama, D.W.D. Kuster, et al., Empagliflozin restores chronic kidney
disease-induced impairment of endothelial regulation of cardiomyocyte relaxation
and contraction, Kidney Int. 99 (5) (2021) 1088-1101, https://doi.org/10.1016/j.
kint.2020.12.013.

K. Philippaert, S. Kalyaanamoorthy, M. Fatehi, et al., Cardiac late sodium channel
current is a molecular target for the sodium/glucose cotransporter 2 inhibitor
empagliflozin, Circulation 143 (22) (2021) 2188-2204, https://doi.org/10.1161/
CIRCULATIONAHA.121.053350.

J. Mustroph, M.J. Baier, S. Pabel, et al., Empagliflozin inhibits cardiac late sodium
current by Ca/Calmodulin-Dependent kinase II, Circulation 146 (16) (2022)
1259-1261, https://doi.org/10.1161/CIRCULATIONAHA.122.057364.

H. Guo, X. Yu, Y. Liu, et al., SGLT2 inhibitor ameliorates endothelial dysfunction
associated with the common ALDH2 alcohol flushing variant, Sci. Transl. Med. 15
(680) (2023), eabp9952, https://doi.org/10.1126/scitranslmed.abp9952.

S. Chen, Q. Wang, A. Christodoulou, et al., Sodium glucose cotransporter-2 inhibitor
empagliflozin reduces infarct size Independently of sodium glucose cotransporter-2.

13

[37]

[38]

[39]

[40]

Redox Biology 69 (2024) 102979

Circulation 147 (3) (2023) 276-279, https://doi.org/10.1161/
CIRCULATIONAHA.122.061688.

L. Uthman, X. Li, A. Baartscheer, et al., Empagliflozin reduces oxidative stress
through inhibition of the novel inflammation/NHE/[Na(+)](c)/ROS-pathway in
human endothelial cells, Biomed. Pharmacother. 146 (2022) 112515, https://doi.
0rg/10.1016/j.biopha.2021.112515.,

M. Trum, J. Riechel, S. Lebek, et al., Empaglifiozin inhibits Na(+)/H(+) exchanger
activity in human atrial cardiomyocytes. ESC Heart Fail 7 (6) (2020) 4429-4437,
https://doi.org/10.1002/ehf2.13024.

X. Peng, L. Li, R. Lin, et al., Empagliflozin ameliorates ouabain-induced Na(+) and Ca
(2+) Dysregulations in ventricular Myocytes in an Na(+)-Dependent manner.
Cardiovasc drugs ther 37 (3) (2023) 461-469, https://doi.org/10.1007/s10557-
021-07311-x.

C.C. Chung, Y.K. Lin, Y.C. Chen, et al., Empagliflozin suppressed cardiac
fibrogenesis through sodium-hydrogen exchanger inhibition and modulation of the
calcium homeostasis, Cardiovasc. Diabetol. 22 (1) (2023) 27, https://doi.org/
10.1186/512933-023-01756-0.


https://doi.org/10.1161/CIRCRESAHA.117.310183
https://doi.org/10.1161/CIRCRESAHA.117.310183
https://doi.org/10.1016/j.kint.2020.12.013
https://doi.org/10.1016/j.kint.2020.12.013
https://doi.org/10.1161/CIRCULATIONAHA.121.053350
https://doi.org/10.1161/CIRCULATIONAHA.121.053350
https://doi.org/10.1161/CIRCULATIONAHA.122.057364
https://doi.org/10.1126/scitranslmed.abp9952
https://doi.org/10.1161/CIRCULATIONAHA.122.061688
https://doi.org/10.1161/CIRCULATIONAHA.122.061688
https://doi.org/10.1016/j.biopha.2021.112515
https://doi.org/10.1016/j.biopha.2021.112515
https://doi.org/10.1002/ehf2.13024
https://doi.org/10.1007/s10557-021-07311-x
https://doi.org/10.1007/s10557-021-07311-x
https://doi.org/10.1186/s12933-023-01756-0
https://doi.org/10.1186/s12933-023-01756-0

	Empagliflozin prevents oxidative stress in human coronary artery endothelial cells via the NHE/PKC/NOX axis
	1 Introduction
	2 Methods
	2.1 Cell culture and cyclic stretch
	2.2 Cell lysis and PKC activity measurement
	2.3 NOX activity measurement
	2.4 ROS measurement
	2.5 Cell permeability assay
	2.6 Infra-red western blot
	2.7 Immunofluorescence staining
	2.8 Calcium measurement
	2.9 Transfection with small interfering RNA (siRNA)
	2.10 Total RNA extraction and quantitative polymerase chain reaction (qPCR)
	2.11 Sample size calculation and statistical analysis

	3 Results
	3.1 EMPA ameliorates stretch induced endothelial dysfunction via inhibiting PKC activity
	3.2 PKC knockdown prevents the increase in NOX activity and ROS generation in HCAECs exposed to Ca2+ ionophore ionomycin
	3.3 EMPA might reduce intracellular Ca2+ through NCX, leading to the inhibition of PKC activation and oxidative stress in 1 ...
	3.4 EMPA inhibits stretch induced PKC activity and NOX activation via inhibition of the NHE/Na+ pathway
	3.5 EMPA reduces intracellular Ca2+ via Na+/NCX pathway, which is partially mediated by the inhibition of NHE

	4 Discussion
	4.1 EMPA ameliorates stretch related endothelial dysfunction by inhibition of PKC
	4.2 Inhibition of stretch induced PKC activity by EMPA is mediated via NHE/Na+/NCX/Ca2+ axis
	4.3 Limitations

	5 Conclusion
	Funding
	Author contribution
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


