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Inflammation causing oxidative stress in endothelial cells contributes to heart failure development. Sodium/
glucose cotransporter 2 inhibitors (SGLT2i’s) were shown to reduce heart failure hospitalization and oxidative
stress. However, how inflammation causes oxidative stress in endothelial cells, and how SGLT2i’s can reduce this
is unknown. Here we hypothesized that 1) TNF-α activates the Na+/H+ exchanger (NHE) and raises cyto
plasmatic Na+ ([Na+]c), 2) increased [Na+]c causes reactive oxygen species (ROS) production, and 3) empa
gliflozin (EMPA) reduces inflammation-induced ROS through NHE inhibition and lowering of [Na+]c in human
endothelial cells. Human umbilical vein endothelial cells (HUVECs) and human coronary artery endothelial cells
(HCAECs) were incubated with vehicle (V), 10 ng/ml TNF-α, 1 µM EMPA or the NHE inhibitor Cariporide (CARI,
10 µM) and NHE activity, intracellular [Na+]c and ROS were analyzed. TNF-α enhanced NHE activity in HCAECs
and HUVECs by 92% (p < 0.01) and 51% (p < 0.05), respectively, and increased [Na+]c from 8.2 ± 1.6 to 11.2 ±
0.1 mM (p < 0.05) in HCAECs. Increasing [Na+]c by ouabain elevated ROS generation in both HCAECs and
HUVECs. EMPA inhibited NHE activity in HCAECs and in HUVECs. EMPA concomitantly lowered [Na+]c in both
cell types. In both cell types, TNF α-induced ROS was lowered by EMPA or CARI, with no further ROS lowering
by EMPA in the presence of CARI, indicating EMPA attenuated ROS through NHE inhibition. In conclusion,
inflammation induces oxidative stress in human endothelial cells through NHE activation causing elevations in
[Na+]c, a process that is inhibited by EMPA through NHE inhibition.

1. Introduction
Heart failure (HF) is driven by inflammation, ionic disturbances,
oxidative stress and systemic metabolic disorders with an important
mediating role for endothelial dysfunction [1]. However, how
pro-inflammatory pathways result in oxidative stress in endothelial
cells, and whether there is a role for ionic homeostasis, remain largely
unknown. Sodium-glucose cotransporter-2 inhibitors (SGLT2i’s) are
novel agents that reduce HF-related hospitalization in adults with and
without type 2 diabetes mellitus (T2D) [2]. We and others have
demonstrated that SGLT2i’s reduce pro-inflammatory and oxidative

stress pathways in human endothelial and cardiac cells, however the
underlying mechanisms were not unveiled [3–6]. SGLT2i’s lower
Na+/H+-exchanger (NHE) activity and cytoplasmatic Na+ levels
([Na+]c) in cardiomyocytes [7,8]. Although it is known that NHE acti
vation and elevation of [Na+]c within the cardiomyocyte can drive heart
failure [9,10], it is unknown whether this NHE/[Na+]c-axis plays a role
in the inflammation-ROS axis in endothelial cells. We hypothesize, that
inflammation causes endothelial reactive oxidative stress (ROS) gener
ation due to elevations in [Na+]c because of TNF-α-induced NHE acti
vation, and that SGLT2i Empagliflozin (EMPA) mitigates this
inflammation driven oxidative stress by NHE inhibition and through
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lowering of [Na+]c.

sulphoxide (DMSO; vehicle) or 1 µM EMPA (in 0.02% DMSO) or 10 µM
CARI (in 0.02% DMSO) or a combination of EMPA and CARI (in 0.02%
DMSO). Endothelial cells were subsequently incubated with the fluo
rescent dye-based ROS probe for 30 min (CM-H2DCFDA, C6827,
Thermo Fisher, Waltham, Massachusetts, US) at a final concentration of
5 μM, during which cells remained exposed to the treatments described
above. The cells were then washed three times, and this was followed by
immediate live-cell imaging at 37 ◦ C and 5% CO2 environment on a
LEICA DMi8 fluorescence microscope (Leica microsystems, Wetzlar,
Germany) with a 63X oil-immersion objective. Six to nine images were
randomly captured for each condition. The mean fluorescent intensity
(MFI) in each image was measured using ImageJ 1.50i. The MFI of an
image was corrected for background fluorescence from unstained cells
and divided by the number of cells in the image.

2. Methods
2.1. Cell culture
Human coronary artery endothelial cells (HCAECs) were purchased
from ATCC (Manassas, VA, USA) and grown in vascular basal cell me
dium with supplements (ATCC), containing 5 ng/ml vascular endothe
lial growth factor, 5 ng/ml epidermal growth factor, 5 ng/ml fibroblastic
growth factor, 15 ng/ml insulin-like growth factor 1, 10 mM L-gluta
mine, 0.75 U/ml heparin sulfate, 1 µg/ml hydrocortisone, 50 µg/ml
ascorbic acid, 1% amphotericin B, 1% penicillin-streptomycin and 10%
FBS (TICO). Human umbilical cord vein endothelial cells (HUVECs)
either were freshly isolated from human umbilical cords as described
previously [1,2]. (Amsterdam UMC waiver: W12–167#12.17.096) or
purchased from Promocell (Heidelberg, Germany). All cells were regu
larly checked to be free of mycoplasma. HUVECs were grown in endo
thelial cell growth medium (Promocell, Heidelberg, Germany)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; TICO
Europe, Amstelveen, Netherlands), 1% amphotericin B solution (Gibco,
Paisley, UK) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis,
MO, USA). All cells were cultured in gelatin (0.75%) coated flasks and
maintained in a humidified atmosphere of 5% carbon dioxide/95% air
at 37 ◦ C (CO2 Incubator Heracell 150i, Thermo Scientific, Waltham, MA,
USA). Cultures were passaged by brief trypsinization using 0.05%
Trypsin-EDTA (Gibco) and medium M199 (PAN biotech, Aidenbach,
Germany) supplemented with 10% FBS, 1% amphotericin B, 1%
penicillin-streptomycin and 1% L-glutamine. All experiments were
performed with HUVECs from passage 2–3 and HCAECs from passage
5–8 and when they reached 80–90% confluency.

2.4. Statistics
Within each experimental day, cells were randomized to all experi
mental groups of each specific measurement. Normality of the data was
tested by the Shapiro-Wilk test. Normally distributed data were tested by
independent samples t-test, one sample t-test or one-way ANOVA with
Bonferroni post hoc tests and were presented as mean±SD. Notnormally distributed datasets were tested by Kruskall-Wallis and/or
Mann Whitney U test, when needed corrected for multiple comparisons
by the Bonferroni method and were presented as median [lower-upper
limits of the 95%CI]. All tests were executed with the SPSS statistics
25 package (IBM Corp, Armonk, NY, United States). P-values below 0.05
were considered statistically significant and are indicated as asterisk
symbols (*) to show significant differences as compared to the vehicle or
TNF-α condition; *** p < 0.001, ** p < 0.01, * p < 0.05.
3. Results

2.2. [Na+]c and NHE1 activity measurement

3.1. TNF-α increases ROS through NHE activation and [Na+]c elevation

Endothelial cells were seeded and grown on 0.75% gelatin-coated
coverslips. Experiments were conducted using a temperature
controlled (37 ◦ C) perfusion chamber (height 0.4 mm, diameter 10 mm,
volume 30 μl) wherein the coverslips were placed, which was staged on
an inverted fluorescence microscope (Nikon Diaphot, Tokyo, Japan) to
measure [Na+]c AND NHE activity as reported before [7,8]. Cells were
incubated with 10 µM SBFI1-AM fluorescence probe (Abcam, Cam
bridge, United Kingdom; 340 nm excitation, 410/590 nm emission) for
120 min at 37 ◦ C, washed twice with fresh HEPES solution and incu
bated for another 15 min in HEPES for complete de-esterification.
[Na+]c was determined fluorometrically during 15 min incubation
with 100 nM Ouabain, 1 µM Empagliflozin (EMPA; Medchem, Mon
mouth Junction, NJ, US) or vehicle. NHE1 activity was measured with
SNARF fluorescence (Molecular probes, Eugene, USA; 580/640 nm
emission; 515 nm excitation). In brief, ECs were treated with 10 µM
SNARF-AM for 30 min at 37 ◦ C, after which they were perfused with
HEPES buffer for 1 min followed with perfusion with HEPES containing
20 mM NH4Cl for 10 min, together with 10 ng/ml TNF-α, 1 µM EMPA,
10 µM Cariporide (CARI; kindly gifted by Aventis Pharma/Sanofi, Paris,
France) or vehicle. Pre-treatment with TNF-α took place for 6 h. The
initial rate of intracellular H+ recovery following washout of ammonium
corresponds to NHE1 activity. Therefore, the change in intracellular H+
over the first 50 s recovery period was used for NHE1 activity
assessment.

First, we examined whether TNF-α affected NHE activity and [Na+]c
in endothelial cells. In HUVECs and HCAECs treated with TNF-α for 6 h,
NHE was more active than in vehicle-treated cells (in Δ[H+]/sec,
Fig. 1a, HCAECs: V 0.89 [1.05–0.62] vs TNF-α 1.17 [2.17–1.04], p <
0.05, and Fig. 1b, HUVECs V 0.68 ± 0.27 vs TNF-α 1.02 ± 0.47). In
addition, 6 h TNF-α incubation increased [Na+]c in HCAECs (Fig. 1c, in
mM, vehicle 8.3 ± 1.6 vs. TNF-α 11.2 ± 0.1, p < 0.05).
We further investigated whether increasing [Na+]c using the Na+/K+
ATPase inhibitor ouabain can acutely increase ROS generation in human
endothelial cells. Ouabain treatment (100 nM) increased [Na+]c by
> 50% from 10.7 ± 1.8 to 16.2 ± 4.1 mM after 15 min in HUVECs (SM
Fig. 1). Using the same concentration of ouabain, we observed an in
crease in intracellular ROS levels in HCAECs (Fig. 1d+f, mean fluores
cent intensity (MFI) per cell V 9330 [6198–10657] vs ouabain 17836
[8090–29660], p < 0.01) and HUVECs (fig e+f, MFI/cell, V 1499
[718–4459] vs ouabain 19522 [4757–22095], p < 0.001).
3.2. EMPA reduces TNF-α-induced ROS through NHE inhibition and
[Na+]c lowering
EMPA reverses ROS generation by TNF-α in endothelial cells [4].
However, the mechanism of action remains to be determined. Since
EMPA inhibits NHE and reduces [Na+]c in isolated cardiomyocytes [7,
8], we next examined whether EMPA also affected NHE and [Na+]c in
endothelial cells, and if so, whether a reduction in NHE activity and
[Na+]c by EMPA can explain EMPA’s reported reduction in
TNF-α-induced ROS generation in endothelial cells. First, the effect of
EMPA and CARI on NHE activity was determined in endothelial cells.
NHE activity was significantly reduced by EMPA or CARI in HCAECs
(Fig. 2a, in Δ[H+]/sec, V 1.81 ± 1.51, EMPA 0.40 ± 0.40 p < 0.05 vs V,
CARI 0.08 ± 0.14 p < 0.01 vs V) and in HUVECs (Fig. 2b, in Δ[H+]/sec,

2.3. Live cell imaging measurement of intracellular ROS
Intracellular ROS was measured as previously described [4–6]. In
brief, HCAECs or HUVECs were seeded and grown on 8-well µ-slides
(Ibidi, Gräfelfing, Germany, 80826) for at least 48 h and until ~90% cell
confluence was reached. Prior to incubation with ROS probe, cells were
pre-incubated for 5.5 h with 10 ng/ml TNF-α with 0.02% dimethyl
2

L. Uthman et al.

Biomedicine & Pharmacotherapy 146 (2022) 112515

Fig. 1. TNF-α increases NHE activity and elevations in [Na+]c, which causes ROS generation. (a) Effect of vehicle and TNF-α on NHE activity in HCAECs. NHE
activity depicted as the rate constant of a linear fit over the first 50 s of [H+] recovery following an ammonium-pulse (n = 12 cells from 3 independent experiments
for both groups, P < 0.01 with Mann Whitney U test). (b) Effect of vehicle and TNF-α on NHE activity in HUVECs. NHE activity depicted as the rate constant of a
linear fit over the first 50 s of [H+] recovery following an ammonium-pulse (n = 16 cells from 4 independent experiments for both groups, p < 0.05 with independent
samples t-test) (c) TNF-α treatment (n = 3 cells) increased [Na+]c in HCAECs compared to vehicle (n = 4 cells) from two independent experiments (p < 0.05 with
independent samples t-test). (d+e) ROS generation after ouabain treatment in HCAECs, (n = 50–52 images from 5 independent experiments, p < 0.01 with KruskalWallis followed by post-hoc analysis Mann-Whitney U test with correction for multiple testing), and HUVECs (n = 34–41 images from 5 independent experiments,
P < 0.001 with Kruskal-Wallis followed by post-hoc analysis Mann-Whitney U test with correction for multiple testing). (f) Representative images of cells loaded with
the fluorescent dye-based ROS probe and subjected to vehicle and Ouabain. *** p < 0.001; ** p < 0.01; * p < 0.05.

V 1.26 ± 0.52, EMPA 0.40 ± 0.24 p < 0.001 vs V, CARI 0.17 ± 0.06
p < 0.001 vs V). EMPA treatment also lowered [Na+]c in endothelial
cells (Fig. 2c+d, HCAECs: from 7.8 ± 1.6 mM to 4.0 ± 1.9 mM,
p < 0.001 vs V, HUVECs: from 8.8 ± 2.3 to 6.0 ± 1.1 mM, p < 0.05 vs
V). Thus, this data indicate that EMPA can also inhibit NHE and reduce
[Na+]c in endothelial cells.
Six hours of TNF-α stimulation strongly elevated ROS levels and
treatment with EMPA or CARI mitigated this increase (Fig. 2e-g).
Combined intervention with EMPA and CARI did not demonstrate

additional ROS reductions in HCAECs (Fig. 2e+g, MFI/cell; V 588
[387–744], TNF-α 5040 [2272–7209], TNF-α + EMPA 1630
[1189–2548], TNF-α + CARI 1107 [448–1594], TNF-α + EMPA+CARI
1796 [1072–3160]) and in HUVECs (Fig. 2f+g MFI/cell; V 1477
[1139–2208], TNF-α 3839 [2473–7722], TNF-α + EMPA 943
[741–3789], TNF-α + CARI 905 [564–2475], TNF-α + EMPA+CARI
722 [438–815]). These data suggest that EMPA reduces TNF-α induced
ROS through NHE inhibition in endothelial cells.
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Fig. 2. EMPA inhibits TNF-α-induced ROS generation through NHE inhibition and lowering of [Na+]c. (a) NHE activity reflected by rate constant of a linear fit over
first 50 s of [H+] recovery following an ammonium-pulse in HCAECs. All groups include n = 6 cells from 3 independent experiments. (b) NHE activity reflected by
rate constant of a linear fit over first 50 s of [H+] recovery following an ammonium-pulse in HUVECs. All groups include n = 6 cells from 3 independent experiments.
(c) Effects of EMPA (n = 12 cells from 3 independent experiments) and vehicle (n = 6 cells from 3 independent experiments) on [Na+]c in HCAECs (p < 0.001 with
independent samples t-test) (d) Effects of EMPA and vehicle (n = 6 cells from 3 independent experiments for each condition) on [Na+]c in HUVECs (p < 0.05 with
independent samples t-test) (e) TNF-α-induced ROS generation in HUVECs and effects of EMPA, CARI and combined EMPA+CARI incubations (n = 38–43 images per
group for 6 independent experiments). (f) TNF-α-induced ROS generation in HCAECs and effects of EMPA, CARI and combined EMPA+CARI incubations (n = 45–48
images per group for n = 6 independent experiments. (g) Representative images of cells exposed to fluorescent dye-based ROS probe. * ** p < 0.001; * *
p < 0.01; * p < 0.05.

4. Discussion

4.3. Methodological considerations

The present study demonstrates how inflammation may induce
oxidative stress in human endothelial cells and how the SGLT2i EMPA
reduces this inflammation-driven vascular oxidative stress formation.
We show that 1) TNF-α increases NHE activity in human endothelial
cells, 2) increased [Na+]c causes ROS generation, 3) EMPA reduces
[Na+]c and NHE activity, and 4) NHE inhibition reduces TNF-α-induced
oxidative stress in endothelial cells. Endothelial ion homeostasis may
inextricably connect pro-inflammatory signaling to ROS generation and
can be a contributing pathway through which SGLT2i’s offer protection
in heart failure patients.

Firstly, we used healthy endothelial cells to determine effects of
EMPA on NHE activity and [Na+]c, which might not reflect the
comprehensive pathology in T2DM and heart failure patients. Further
more, it has been shown that cerebral microvascular endothelial cells
exposed to flow exhibit increased NHE expression after twelve hours as
compared to endothelial cells under static conditions [20]. EMPA
demonstrated an anti-ROS effect in cells exposed to cyclic stretch, sug
gesting that mechanical forces would not diminish EMPA’s
anti-scavenging
effect
[5].
Whether
the
inflamma
tion/NHE/[Na+]c/ROS-pathway is differentially modulated when the
endothelial cells are exposed to flow remains to be determined.

4.1. Increased NHE activity and [Na+]c elevation as a driver of
inflammation-induced ROS production in endothelial cells

5. Conclusion
Our data provide novelty by 1) suggesting NHE activation and
intracellular sodium increases as important mediators of inflammationinduced ROS, 2) introducing the NHE inhibiting and [Na+]c reducing
ability of EMPA in endothelial cells and 3) by connecting these actions to
EMPA’s ROS-lowering effect.

Endothelial dysfunction hallmarks diabetic cardiomyopathy and
heart failure. This pathology is characterized by vascular inflammation
and ROS generation resulting in impairment of the NO/sGC/PKG
signaling pathway, finally leading to myocardial stiffening, diastolic
dysfunction and fibrosis of the heart [1,11]. The origin of vascular
inflammation and the resulting vascular oxidative stress is unknown.
Our results indicate that increased endothelial [Na+]c and NHE activity
connect inflammation to vascular oxidative stress. Previous reports
demonstrating that increased endothelial NHE activity is observed after
hypoxia-reoxygenation and LPS are in line with our results [12,13]. In
addition, NHE activity was increased after 1 h of TNF-α stimulation in
human hepatocytes [14].
Elevation in intracellular sodium and NHE activity of the car
diomyocyte are already recognized as drivers of heart failure and dia
betic cardiomyopathy (reviewed elsewhere [15]). The increased [Na]c
mediates its cardiac remodeling effects through the consequent
increased cytosolic calcium through the sarcolemmal Na+/Ca2+
exchanger (NCX) [10]. It is likely that this also occurs in endothelial
cells. The increase in cytoplasmatic calcium results in ROS production
through the PKC/NADPH oxidase axis [16,17]. Alternatively, increases
in [Na+]c may also produce ROS through increases in mitochondrial
sodium and production of ROS at complex III [18].
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