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Abstract
Background/Aims: Heart failure is characterized by chronic low-grade vascular inflammation,
which in itself can lead to endothelial dysfunction. Clinical trials showed reductions in
heart failure-related hospitalizations of type 2 diabetic patients using sodium glucose cotransporter 2 inhibitors (SGLT2i’s). Whether and how SGLT2i’s directly affect the endothelium
under inflammatory conditions is not completely understood. The aim of the study was to
investigate whether the SGLT2i Empagliflozin (EMPA) and Dapagliflozin (DAPA) reduce tumor
necrosis factor α (TNFα) induced endothelial inflammation in vitro. Methods: Human coronary
arterial endothelial cells (HCAECs) and human umbilical vein endothelial cells (HUVECs) were
(pre-)incubated with 1 µM EMPA or DAPA and subsequently exposed to 10 ng/ml TNFα. ROS
and NO were measured using live cell imaging. Target proteins were either determined by
infrared western blotting or fluorescence activated cell sorting (FACS). The connection between
Cav-1 and eNOS was determined by co-immunoprecipitation. Results: Nitric oxide (NO)
bioavailability was reduced by TNFα and both EMPA and DAPA restored NO levels in TNFαL. Uthman and A. Homayr contributed equally to this manuscript.
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stimulated HCAECs. Intracellular ROS was increased by TNFα, and this increase was completely
abolished by EMPA and DAPA in HCAECs by means of live cell imaging. eNOS signaling was
significantly disturbed after 24 h when cells were exposed to TNFα for 24h, yet the presence of
both SGLT2is did not prevent this disruption. TNFα-induced enhanced permeability at t=24h
was unaffected in HUVECs by EMPA. Similarly, adhesion molecule expression (VCAM-1 and
ICAM-1) was elevated after 4h TNFα (1.5-5.5 fold increase of VCAM-1 and 4-12 fold increase
of ICAM-1) but were unaffected by EMPA and DAPA in both cell types. Although we detected
expression of SGLT2 protein levels, the fact that we could not silence this expression by means
of siRNA and the mRNA levels of SGLT2 were not detectable in HCAECs, suggests aspecificity
or our SGLT2 antibody and absence of SGLT2 in our cells. Conclusion: These data suggest
that EMPA and DAPA rather restore NO bioavailability by inhibiting ROS generation than by
affecting eNOS expression or signaling, barrier function and adhesion molecules expression in
TNFα-induced endothelial cells. Furthermore, the observed effects cannot be ascribed to the
inhibition of SGLT2 in endothelial cells.
© 2019 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Type 2 diabetes (T2D) and heart failure have a bi-directional relationship, whereby the
development and progression of one disease may impact the other. Both conditions promote
a systemic pro-inflammatory state in the heart and vasculature. Insulin resistance has
been associated with increased levels of circulating inflammatory factors, including tumor
necrosis factor α (TNFα), which was linked to endothelial dysfunction [1]. TNFα, a 17 kDa
cytokine, is released by different cell types, mainly leukocytes and other immune cells, as
a response to systemic inflammation. TNFα signaling promotes endothelial dysfunction by
negatively affecting NO bioavailability, endothelial nitric oxide synthase (eNOS) signaling,
and increasing reactive oxygen species (ROS), permeability and adhesion molecules in the
endothelium [2–6].
A novel class of glucose-lowering compounds targeting the kidney-specific sodium
glucose co-transporter 2 (SGLT2) have been applied as a treatment strategy in T2D
patients. Cardiovascular outcome trials show that empagliflozin (EMPA) effectively reduces
cardiovascular-related death and that EMPA, dapagliflozin (DAPA) and canagliflozin
(CANA) consistently reduce heart failure-related hospitalization in T2D patients [7–9]. The
underlying mechanisms for the beneficial actions of SGLT2 inhibitors (SGLT2i’s) remain
unclear. In vivo studies suggest anti-inflammatory actions of SGLT2i’s in the aortic valve,
coronary microvascular endothelial cells, the kidney and the heart [10–14]. However, these
in vivo results cannot discriminate between anti-inflammatory actions of SGLT2i’s explained
by systemic alterations or via a direct effect on cardiovascular cells. One of the first studies
addressing direct anti-inflammatory effects of SGLT2i’s reported moderate reductions in
adhesion molecule expression in TNFα treated endothelial cells at certain concentrations of
DAPA [15]. EMPA has been reported to restore cell viability and ATP content in endothelial
cells exposed to hypoxia reoxygenation injury [16]. A recent study by Mancini et al. reported
anti-inflammatory properties of the SGLT2i CANA in IL-1β stimulated endothelial cells [17].
To date, the effects of the SGLT2i’s EMPA and DAPA in TNFα-stimulated endothelial cells,
especially different cardiac endothelial cells is not completely understood [18]. EMPA, DAPA
and CANA appear to act differently on endothelial cells. Due to the contradictory results
with regard to the direct effects of SGLT2i’s in vascular inflammation [15, 17], it has been
challenging to speculate on the direct endothelial cell effects of EMPA. Therefore, we aimed
to examine whether the SGLT2i’s EMPA and DAPA ameliorate endothelial function in TNFαtreated primary human endothelial cells. We hypothesized that EMPA and DAPA attenuate
TNFα-induced endothelial inflammation through direct actions on endothelial cells.
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Materials and Methods
Cell culture
HCAECs were purchased from ATCC (Manassas, VA, USA) and grown in vascular basal cell medium
with supplements (ATCC), containing 5 ng/ml vascular endothelial 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-glutamine, 0.75
U/ml heparin sulfate, 1 µg/ml hydrocortisone, 50 µg/ml ascorbic acid, 1% amphotericin B, 1% penicillinstreptomycin and 10% FBS (TICO).
The isolation of Human umbilical vein endothelial cells (HUVECs) from human umbilical cords
has been waived by the medical ethical committee: W12-167#12.17.096 Amsterdam, the Netherlands.
HUVECs were freshly isolated from human umbilical cords as described previously [19, 20]. HUVECs were
grown in endothelial 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). HUVECs
purity was determined and confirmed (Supplementary Fig. 1 – for all supplemental material see www.
cellphysiolbiochem.com) by flow cytometry analysis (FACS) of von Willebrand Factor (vWF) using
Fluorescein (FITC)-labelled Anti-vWF antibody (Bio-Rad, Wiesbaden, Germany).
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 Fisher 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% penicillinstreptomycin
Fig 1 and 1% L-glutamine. All experiments were initiated with HUVECs from passage 2 to 3 and
HCAECs from passage 5 to 8 when they reached 80-90% confluency.
Before treatment, the cells were washed three times with phosphate buffered saline (PBS) and
starved overnight by FBS reduction to 2% in the media. Experiments were carried out under three or four

O

Fig. 1. Experimental protocol outline. Cells were starved by serum reduction for 16h before pre-incubation
with an SGLT2i (1 µM) or vehicle (0.02% DMSO) for 2h. Stimulation with 10 ng/ml TNFα occurred for
4–24h. Cells were treated for 4h for detection of adhesion molecules (ICAM-1, VCAM-1) and intracellular
ROS levels, for 6h and 24h for western blot analysis, ROS and NO. Permeability and cell staining were
assessed after 24h.
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conditions: vehicle, EMPA alone, TNFα (10 ng/ml; Sigma Aldrich), and TNFα with SGLT2i treatment using
EMPA (MedChem Express, NJ, USA). Since a previous study in TNFα stimulated HUVECs showed restored
eNOS signaling and adhesion molecules expression in the presence of DAPA [15], DAPA (MedChem Express)
was also investigated for several measurements. Thus, EMPA or DAPA 5 mM stock solutions dissolved in
100% DMSO was added in the medium to a final concentration of 1 µM. Cells were pre-incubated with either
EMPA, DAPA or vehicle (DMSO) containing media for 2 h. Subsequently, cells were treated with EMPA, DAPA
or vehicle, either in the presence or absence of 10 ng/ml TNFα (Fig. 1).

Intracellular NO measurement
The measurement of nitric oxide level was performed as previously described [18]. In brief, exposure
to 10ng/ml TNFα, 1μm EMPA or DAPA, and/or the combination thereof occurred for 6 h, during which
the cells were incubated with copper-based NO probe (Cu2FL2E, 96-0396, Strem) for the final 45 min
of treatment at a final concentration of 20µM . The cells were then washed, followed by live-cell imaging
at 37°C and 5% CO2 environment on a Zeiss Axiovert 200M Marianas inverted fluorescence microscope
(Intelligent Imaging Innovations) with a 63X oil-immersion objective. All fluorescent images were corrected
for background signals. Quantification of fluorescent images of HCAECs and HUVECs were performed using
digital cell masking software (Slidebook 6, Intelligent Imaging Innovations) and ImageJ, respectively.

ROS detection – live cell imaging
The seeding of cells and measurement of ROS were conducted as described previously [18]. In brief,
HCAECs were exposed to 10ng/ml TNFα, 1μm EMPA or DAPA, and/or the combination thereof for 6h, during
which the cells were incubated with the fluorescent dye-based ROS probe for the last 30 min of treatment
(CM-H2DCFDA, C6827, Thermo Fisher) at a final concentration of 5µM in PBS (220/12257974/1110, Braun).
Washing the cells was followed by live-cell imaging at 37°C and 5% CO2 environment on a Zeiss Axiovert
200M Marianas inverted fluorescence microscope (Intelligent Imaging Innovations, Denver, CO, USA) with
a 63X oil-immersion objective. All fluorescent images were corrected for background and negative controls.
Quantification of fluorescent images of HCAECs and HUVECs were performed using digital cell masking
software (Slidebook 6, Intelligent Imaging Innovations) and ImageJ, respectively.

ROS detection – FACS assay
Intracellular ROS levels were also determined using ROS-ID Total ROS detection Kit (Enzo Lifescience
Europe, Lausen, Switzerland) according to the supplier´s instructions as described previously [21]. Briefly,
cells were cultured in 6-well plates, harvested by brief trypsinization and centrifuged for 5 min at 31 g and
22 °C. The pellet was resuspended in the provided washing buffer. Cell number was counted and adjusted
using Z2 coulter counter (Beckman Coulter, Brea, CA, USA). One million cells were stained with 0.125 µM
of detection reagent for 30 min at 37oC. Samples were kept in the dark at room temperature until analysis.
Measurements were carried out using FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA) at 488
nm excitation wavelength and using a 585 and 530 nm emission band-pass filter. A minimum of 30000
events per sample was analyzed. Data processing was performed using FlowJo software version 10.5.0 for
Windows (FlowJo LCC, Ashland, OR, USA).

Western blot
Whole cell lysates were collected directly after 6 h and 24 h for Western blot analyses. Therefore,
cells were rinsed with ice cold PBS and collected in lysis buffer, made from RIPA buffer (150 mM NaCl,
50mM TrisHCl, 1% Nonidet P40, 0.25% sodium deoxycholate and 0.1% SDS), supplemented with 1 mM
phenylmethylsulfonyl fluoride, 2 mM Na3VO4, 1 mM dithiothreitol, 1 mM sodium pyrophosphate and
protease inhibitor mixture (17 µM leupeptin, 1 µM aprotinin and 12 µM pepstatin (all three from Sigma
Aldrich)). After centrifugation at 14000 g, 4 °C for 10 min, the supernatant was collected and stored at
-80 °C until use. Samples were sonicated on ice in repeated short cycles (5 sec, energy mode, 20 Joules,
70% amplitude, repeated for 4 times) using the Low Power ultrasonic systems 2000 Lpt/LPe with microtip
(Branson, Danbury, CT, USA).
Western Blotting was performed as described before [22]. Protein levels, determined by the Lowry
method, were adjusted to the same concentration for each blot. After overnight incubation with primary
antibodies against caveolin 1 (Cav-1, Becton Dickinson, Franklin Lakes, NJ, USA, #610406, 1:20000),
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eNOSThr495,(Cell Signaling Technology (CST), Danvers, USA, #9574, 1:200), eNOSSer1177 (CST, #9571, 1:500),
eNOS (CST, #9572, 1:1000), GAPDH (Abcam, Cambridge, United Kingdom, #9484, 1:5000), and SGLT2
(Santa Cruz Biotechnology, #sc-393350, 1:500), membranes were washed with PBS containing 0.1%
Tween-20 (Sigma) and incubated with the complementary secondary antibody (IRdye, Licor, Lincoln, USA,
1:5000) for 1h at room temperature before they were washed again. The membranes were scanned with
the Odyssey CLx operator (Li-Cor) at auto-scan setting for dynamic range, 169μm resolution and medium
quality and quantification of the bands was performed with Image Studio TM Software (Version 5.2, Li-Cor).
For quantification of the band signals, the signal from each band on an immunoblot was normalized to the
signal from the most intensive band on the same membrane according to the manufacturer’s instructions.
Each signal was then normalized to the housekeeping protein GAPDH.
Co-Immunoprecipitation
Whole cell lysates of HCAECs and HUVECs were collected after 6 hours of TNFα or TNFα+EMPA
treatment for Co-immunoprecipitation analyses. Samples were lysed and prepared according to the
procedure described above (see western blot). All samples were adjusted to 320 µg and pre cleared with
Protein A magnetic beads (CST, Danvers, USA). Protein A magnetic beads were separated from sample
using a magnetic separation rack (CST, Danvers, USA). Samples were incubated with the primary antibody
Caveolin-1 (Abcam, Cambridge, United Kingdom, ab2910) with rotation overnight at 4 °C. To extract the
immunoprecipitated complex samples were incubated with Protein A magnetic beads, under rotation and
the immunoprecipitated complexes were extracted with the magnetic rack.
The immunoprecititated complexes were loaded on SDS page gels and western blotting was carried
out as stated above. The following primary antibodies were used: Caveolin-1 (Abcam, Cambridge, United
Kingdom, ab2910) and eNOS (CST, Danvers, USA, #9572).

Endothelial cell permeability assay
Cell permeability was assessed 24h after treatment with TNFα with or without EMPA by measuring
FITC-labeled BSA concentration across a cell monolayer seeded on a polyester membrane, as described
previously [20]. Briefly, confluent cells grown on 12-well plate transwell inserts (filter area 1.12 cm², pore
diameter size 0.4 µm, Corning Costar, Cambridge, MA, USA) were subjected to the treatment protocols, after
which FITC-BSA (10 mg/ml) was added to the upper compartment. After 2h incubation at 37oC, samples
from the lower compartment were collected to measure for the albumin leakage across the cell monolayer
and membrane. Fluorescence was determined by Spectramax M2e plate reader (Molecular devices LLC, St.
José, USA) with the software SoftMaxPro 6.5.1. using excitation wavelength at 485 nm with emission at 535
nm.
Cell staining
To study the cellular distribution of vascular endothelial (VE-)cadherin and F-actin, cells were seeded
on to gelatin-coated coverslips (VWR, Radnor, PA, USA). After 24h of treatment with vehicle, TNFα or
TNFα+EMPA, the monolayer was fixed with 3.7% paraformaldehyde. Cells were rinsed with PBS before
permeabilization with 0.01% Triton X-100 (Sigma) and blocking with 1% BSA (PAA Cell Culture Company,
Cambridge, UK). F-actin was stained for 30 min with Phalloidin-Rhodamine (Invitrogen, Carlsbad, USA,
1:40). Fixed cells were treated overnight with anti-VE-Cadherin (CST, 1:100) and second antibody goat antirabbit DyeLight 488 the next day (Abcam, Cambridge, UK, 1:1500). After a final wash, cover slips were
treated with gold anti-Fade reagent (Invitrogen, Carlsbad, USA), which included DAPI for nuclei staining.
The cover slips were stored at 4°C and protected from light. Images were taken with a wide-field microscope
Leica DM6 B (Wetzlar, Germany) at 40x magnification.
Cell adhesion molecules expression
After 4h of treatment, surface expression of adhesion molecules was assessed by flow cytometry
as described previously [19]. One million HUVECs or 500.000 HCAECs were stained with PE-conjugated
antibodies (1:32) for ICAM-1 and VCAM-1 (both from Becton Dickinson). Unstained cells (blanco) and cells
stained with isotype-matched antibody (Becton Dickinson) were used as controls to assess auto-fluorescence
and non-specific staining. Samples were kept on ice until flow cytometry analysis. Data processing was
performed using FlowJo software version 10.5.0 for Windows.
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Transfection with siRNA for SGLT2
Cells were transfected at a confluence of 50–80% with siRNA for SGLT2 (ID s12955, Thermo Fisher)
or negative control siRNA (Silencer Negative control siRNA, Ambion by Thermo Fisher) together with
Lipofectamine RNAiMax (Invitrogen by Thermo Fisher) as described previously [20]. After 72 hours, cells
were lysed to determine protein knock down using Western blot analysis as described above.
RNA isolation and cDNA synthesis
Total RNA was extracted using the NucleoSpin®RNA Plus kit (Machery-Nagel, The Netherlands)
as described by the manufacturer. The concentration and purity of the RNA were determined using the
Nanodrop 2000 (Thermo Fisher, The Netherlands).
Total RNA (1 µg) was converted to complementary DNA (cDNA) with Transcriptor First Strand cDNA
Synthesis kit (Roche, The Netherlands). The concentration was determined by Qubit ssDNA assay kit
(Thermo Fisher, The Netherlands).

Taqman quantitativePCR (qPCR)
Taqman qPCR was performed using the LightCycler® 480 instrument (Roche, The Netherlands). For
this reaction 90 ng cDNA was used for the Taqman® Gene Expression Assays (Applied Biosystems, The
Netherlands) ACTB (Beta Actin, Hs99999903_m1), and SLC5A2 (SGLT2, Hs0089462_m1).
Raw data were exported and subsequently converted into the program LC480Converter. The converted
data were imported to the LinRegPCR program and baseline correction was carried out [23].

Statistical analysis
All values are presented as the mean ± SD. The number of experiments is mentioned as ‘n’, which
for the HCAECs stands for each independent experiment from different batches of cell cultures derived
from one single donor and for the HUVECs stands for each independent experiment from a different single
donor. For each experimental condition, two-six wells with cells were pooled to avoid bias by single well use.
Power analysis was conducted with a probability of 0.05 and a power of 0.8. The number of experiments
needed was powered to observe an effect of EMPA in TNFα-stimulated cells. We expected at least a change
of 25±10% to be a relevant effect of EMPA on NO, ROS, permeability, eNOS phosphorylation and adhesion
molecule expression, thus we needed to study at least n=4 experiments/condition. The statistical analysis
was performed using IBM SPSS Statistics 25. Normality distribution of data were tested with the ShapiroWilk test. Student t-test was used for comparisons between control and SGLTi-only treated conditions.
Comparisons between more than two groups were performed by one-way ANOVA followed by a Dunnett’s
post hoc test if data were normally distributed. Not normal data were analyzed with Kruskal-Wallis and
Mann-Whitney U tests with Bonferroni correction. P-values are shown in each figure and the post hoc tests
are indicated as asterisk symbols (*) to show significant differences as compared to the TNFα condition; ***
p < 0.001; ** p < 0.01; * p < 0.05.

Results

EMPA and DAPA reduce ROS levels in TNFα-treated HCAECs
We analyzed the effect of EMPA and DAPA treatment on TNFα-induced intracellular ROS
generation in HCAECs using live cell imaging. A significant increase in ROS by TNFα (p<0.01
and p<0.001, respectively Fig. 2a and b) and a strong inhibition in the presence of EMPA and
DAPA were observed (Fig. 2a, b p<0.05 and p<0.01 respectively).
EMPA and DAPA restore TNFα-induced loss of NO bioavailability in HCAECs
Endothelial NO bioavailability is an important functional component that is essential
for cell signaling with neighboring cell types, including cardiomyocytes. Live cell imaging
of intracellular NO showed that HCAECs exhibited attenuated NO levels in the presence of
TNFα (Fig. 3a). Interestingly, treatment with EMPA (Fig. 3a) and DAPA (Fig. 3b) preserved
the NO concentration in TNFα-stimulated HCAECs (Fig. 3a, b).
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Fig 2
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Fig. 2. ROS levels of endothelial cells treated with TNFα , TNFα and EMPA or DAPA. HCAECs were treated
with 0.02% DMSO (control), 10 ng/mL TNFα or with 10 ng/mL TNFα with 1µM EMPA or DAPA for 6h. ROS
levels were measured using live cell imaging in HCAECs (a, n=5, b=n=3) Representative images are shown
in the lower panels. Data are presented as mean±SD. *p<0.05 vs. TNFα, **p<0.01 vs TNFα.

ROS levels in EMPA treated cells were also investigated using a commercially available
FACS assay kit. While ROS generation after 4 h of TNFα stimulation was indeed increased
(Supplementary Fig. 2a (HCAECs) and b (HUVECs)), ROS remained unaffected by treatment
with 1 µM EMPA (in mean fluorescence intensity (MFI); HCAECs control 29469±5411 p<0.05
vs. TNFα, TNFα 47352±7893, TNFα+EMPA 47433±8735). To assess whether restoration of
ROS levels is detectable using the FACS assay, the anti-oxidant agents N-acetyl cysteine (NAC,
5mM) was administered to HUVECs in additional experiments. These data showed that NAC
was able to reverse TNFα-induced ROS formation induced by ROS-inducer Pyocyanin or by
TNFα (Supplementary Fig. 3a and b). Moreover, inhibition of ROS by EMPA was not observed
in TNFα-stimulated HUVECs using the FACS-based technique (Supplementary Fig. 2b).
Furthermore, administration of 1 µM EMPA alone did not affect ROS levels (Supplementary
Fig. 4a and b).
Although live cell imaging in a limited group of experiments with HUVEC revealed for
both measurements (ROS and NO) no significant changes between the groups, numerical
trends similar as described in HCAECs were observed (Supplementary Fig. 5a, b).

TNFα-induced changes in Cav-1, eNOS signaling and Cav-1/eNOS correlation are not
altered by EMPA
NO bioavailability can be modulated by activity and expression of eNOS, which has
been previously shown to be altered by TNFα [3, 4,6]. Activity of eNOS is regulated by its
subcellular localization and posttranslational modifications. Compartmentalization of the
eNOS in caveolae occurs through interaction with Cav-1 and, as previously shown, has an
inhibitory effect on eNOS [24]. However, no upregulation of Cav-1 expression was observed
in HCAECs after 6 h TNFα stimulation (Fig. 4a+c, arbitrary units, control 0.51±0.18, TNFα
0.62±0.19, TNFα+EMPA 0.74±0.26). HUVECs exposed to TNFα did show increased Cav-1
protein expression after 6 h of incubation compared to control. Nonetheless, treatment with
EMPA did not prevent TNFα induced upregulation of Cav-1 in HUVECs (Fig. 4b+c, arbitrary
units, control 0.29±0.10 p<0.001 vs. TNFα, TNFα 0.88±0.22, TNFα+EMPA 0.89±0.18).
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Fig. 3. NO levels of HCAECs treated with TNFα, TNFα and EMPA or DAPA. Cells were treated with 0.02%
DMSO (control), 1 µM EMPA or DAPA, 10 ng/mL TNFα or 10 ng/mL TNFα with 1 µM EMPA or DAPA for 6h.
NO levels were measured using live cell imaging in HCAECs (a,b n=4) Representative images are shown in
the panels below each figure. Data are presented as mean±SD. *p<0.05 vs. TNFα, **p<0.01, ***p<0.001 vs
TNFα.

We performed co-immunoprecipitation with Cav-1 enriched samples from cells
subjected to vehicle, TNFα or TNFα+EMPA for 6h after a 2h pre-incubation with vehicle or
EMPA. We observed no changes in the interaction between eNOS and caveolin-1 in all three
groups in HCAECs and HUVECS, suggesting that the change in caveolin-1 expression after
t=6h TNFα is not accompanied with changes in the interaction between eNOS and caveolin-1
(Fig. 4d+e, f).
At 6h TNFα treatment, no significant changes in eNOSSer1177 phosphorylation, total eNOS
and eNOSSer1177 expression in HCAECs and HUVECs between the TNFα and the TNFα+EMPA
group were found (Fig. 5a-g). Although TNFα induced a slight increase in eNOSSer1177
phosphorylation in HCAECs, EMPA could not prevent this effect (Fig. 5c).
However, when these cells were evaluated after 24h exposure to TNFα, the total
amount of eNOS expression was significantly reduced both in HCAECs (Fig. 6b, g) and in
HUVECs (Fig. 6e, g). In accordance with the breakdown of total eNOS we found lower levels
of phosphorylated eNOSSer1177 as shown by reduced eNOSSer1177/GAPDH ratio (Fig. 6a+d, g)
at 24h. Addition of EMPA had no effect on TNFα downregulated expression of eNOS and
its phosphorylated form eNOSSer1177. Phosphorylation of eNOS was determined by the
eNOSSer1177/eNOS ratio, which did not show any difference between the groups in HUVEC
(Fig. 6f, g) and a slight increase of eNOSSer1177 phosphorylation after stimulation with TNFα in
HCAECs, which however was not prevented by EMPA treatment (Fig. 6c, g).
These data suggest an increased eNOS reduction or reduced eNOS protein synthesis
after 24h TNFα rather than an effect on phosphorylation by TNFα, which in both cases were
not be prevented by EMPA.
Similar as in EMPA treated cells, administration of 1 µM DAPA did not recover eNOS
expression or eNOSSer1177 expression (Supplementary Fig. 6) in HCAECs (Supplementary
Fig. 6a+e) and HUVECs (Supplementary Fig. 6b+e). However, in the experiments with
HCAECs, the eNOSSer1177 expression was not significantly attenuated by TNFα (arbitrary
units, Supplementary Fig. 6a HCAECs control 0.78±0.41, TNFα 0.43±0.27, TNFα+DAPA
0.63±0.28; Supplementary Fig. 6b, g HUVECs control 0.99±0.19 p<0.001 vs. TNFα, TNFα
0.44±0.15, TNFα+DAPA 0.42±0.08). eNOS expression was not restored by DAPA in both cell

872

Physiol Biochem 2019;53:865-886
Cellular Physiology Cell
© 2019 The Author(s). Published by
DOI: 10.33594/000000178
and Biochemistry Published online: 16 November 2019 Cell Physiol Biochem Press GmbH&Co. KG
Uthman et al.: SGLT2’s in TNFα-Induced Endothelial Cells

b 1.5

p=0.214

Cav-1/GAPDH

Cav-1/GAPDH

Fig 4
a 1.5
1.0

0.5

0.0

Control

TNF

c

eNOS/Cav-1

1.5

0.5

0.0

TNF+
1M EMPA

e

p=0.425

1.0

0.5

0.0

1.0

eNOS/Cav-1

d

Control

TNF

TNF+
1M EMPA

p<0.001

2.0

***

Control

TNF

TNF+
1M EMPA

p=0.09

1.5
1.0
0.5
0.0

Control

TNF

TNF+
1M EMPA

f

Fig. 4. Protein expression of Cav-1 and co-immunoprecipitation of eNOS/Cav-1 in endothelial cells treated
with TNFα and EMPA. Cells were treated with 0.02% DMSO (control), 10 ng/mL TNFα or 10 ng/mL TNFα
with 1 µM EMPA. Cav-1 (Cav-1) levels were determined after 6 h TNFα stimulation in HCAECs (a, n=6) and
HUVECs (b, n=6). Representative images of Cav-1 western blots (c). GAPDH was used as internal control. Coimmunoprecipitation of eNOS and Cav-1 in HCAECs (d, n=3) and HUVECs (e, n=3). Representative images
of co-immunoprecipitation are shown for HCAECs and HUVECs (f). Unrelated bands omitted for clarity.
All full length blots can be found in the supplemental material. Data are presented as mean±SD. **p<0.01,
***p<0.001 vs. TNFα.
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types (arbitrary units, Supplementary Fig. 6c HCAECs control 0.89±0.35 p<0.001 vs. TNFα,
TNFα 0.28±0.08, TNFα+DAPA 0.33±0.25; Supplementary Fig. 6d HUVECs control 1.04±0.21
p<0.01 vs. TNFα, TNFα 0.41±0.13, TNFα+DAPA 0.44±0.05).
In our study the detection of eNOS Thr495 showed very high variances between the
samples and was technically very challenging (Supplementary Fig. 7a-c). We did not find any
difference between the TNFα or TNFα+EMPA treated cells at 6h.
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Fig. 7. Endothelial permeability after treatment with TNFα and EMPA. Cells were treated with 0.02% DMSO
(control), 10 ng/mL TNFα or with 10 ng/mL TNFα with 1µM EMPA. Permeability was subsequently assessed
in a trans-well system by assay of 2h FITC-labelled albumin passage through the HCAECs monolayer (a,
n=10 trans-wells/condition from three different cell batches) and the HUVECs monolayer (b, n=4 transwells/condition). HCAECs (c) and HUVECs (d) seeded on gelatin-coated coverslips were stained for VEcadherin (green), actin (red) and DAPI (blue) and subjected to treatment as mentioned above. Scale bars
represent 100 µm. Data are presented as mean±SD. ***p<0.001 vs. TNFα.
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No effect of EMPA on TNFα-induced permeability
Elevated permeability was identified after 24h of TNFα stimulation. In HCAECs,
TNFα-induced permeability was numerically enhanced with a non-significant trend;
administration of EMPA did not affect the permeability in TNFα stimulated HCAECs (Fig.
7a, control 65.2±5.9, TNFα 90.8±22.4, TNFα+EMPA 99.4±28.7). Consistently, administration
of EMPA to TNFα-stimulated HUVECs did not attenuate TNFα-induced permeability (in
µg/mL albumin leakage, control 36.8±1.8 p<0.001 vs. TNFα, TNFα 61.3±3.8, TNFα+EMPA
63.3±2.0, Fig. 7b). Fluorescent staining of the cells suggest that HCAECs are slightly more
elongated under control condition compared to HUVECs and that TNFα stimulation lead to
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Fig. 8. Expression of adhesion molecules in endothelial cells treated with TNFα and EMPA. Cells were
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more pronounced cell-cell gaps in HCAECs vs. HUVECs (Fig. 7c-d). No effect of EMPA-only
treatment was observed in both cell types (Supplementary Fig. 8).

TNFα-induced increase in adhesion molecule expression is not attenuated by SGLT2i
Flow cytometry analysis was employed to evaluate the effect of TNFα and EMPA (Fig.
8) on expression of adhesion molecules ICAM-1 and VCAM-1. Measurements of non-labelled
and isotype-labelled cells did not differ from the control condition in all experiments (data
not shown). TNFα induced a significant upregulation of both adhesion molecules after 4h
compared to unstimulated HCAECs (Fig. 8a+c) and HUVECs (Fig. 8b+d). In both cell lines, no
significant effect of EMPA was identified on TNFα-induced ICAM-1 (in MFI, HCAECs control
2905±1448 p<0.001 vs. TNFα, TNFα 16696±4223, TNFα+EMPA 22139±8547; HUVECs
control 7256±3237 p<0.001 vs. TNFα, TNFα 51933±7696, TNFα+EMPA 50004±6051) and
VCAM-1 (in MFI, HCAECs control 446±28 p<0.001 vs. TNFα, TNFα 1084±384, TNFα+EMPA
948±135; HUVECs control 697±99 p<0.001 vs. TNFα, TNFα 4479±958, TNFα+EMPA
4403±1054) expression. A higher dose of EMPA (3 µM) was investigated, which showed no
attenuation of ICAM-1 and VCAM-1 levels in TNFα-stimulated HUVECs (Supplementary Fig.
9a+b).
According to the previous study of Gaspari et al. showing beneficial effects of DAPA on
VCAM-1 and ICAM levels in TNFα-stimulated HUVECs after 24h [15], we examined the effects
of DAPA in our cells at 24h (Supplementary Fig. 9c-h). Similar to our results with EMPA,
addition of 1 µM DAPA did not attenuate TNFα induced upregulation of ICAM-1 (in MFI,
HCAECs, Supplementary Fig. 9c, control 1450±201 p<0.01 vs. TNFα, TNFα 19308±4036,
TNFα+DAPA 24135±6706; HUVECs, Supplementary Fig. 9d, control 5814±1412 p<0.001
vs. TNFα, TNFα 32338±7308, TNFα+DAPA 34806±8906) and VCAM-1 (in MFI, HCAECs,
Supplementary Fig. 9e, control 450±9 p<0.001 vs. TNFα, TNFα 1096±101, TNFα+DAPA
1096±76; HUVECs, Supplementary Fig. 9f, control 740±154 p<0.01 vs. TNFα, TNFα
4266±1791, TNFα+DAPA 3880±1390).
Involvement of SGLT2 in the observed effects
Western blotting analysis was assessed in order to investigate whether SGLT2 expression
is affected by TNFα and whether this may be modulated by EMPA treatment in HUVECs and
HCAECs (Supplementary Fig. 10). After 6h incubation, expression of SGLT2 did not change
by TNFα in both cell types (Supplementary Fig. 10a+b+e, arbitrary units, HCAECs control
0.70±0.39, TNFα 0.97±0.22, TNFα+EMPA 1.00±0.69; HUVECs control 0.75±0.37, TNFα
0.74±0.26, TNFα+EMPA 0.94±0.17). However, after 24h HUVECs subjected to TNFα showed
increased SGLT2 levels as detected by the commercially obtained SGLT2 antibody with no
significant difference between TNFα and TNFα+EMPA (Supplementary Fig. 10d+e, arbitrary
units, control 0.57±0.15 p<0.01 vs. TNFα, TNFα 0.90±0.10, TNFα+EMPA 0.88±0.11), while
SGLT2 expression in HCAECs was not affected by TNFα or TNFα with EMPA (Supplementary
Fig. 10c+e, arbitrary units, control 0.50±0.23, TNFα 0.47±0.17, TNFα+EMPA 0.48±0.31).
In order to investigate whether the observed effects of EMPA and DAPA were in fact
mediated by SGLT2 inhibition we performed siRNA silencing experiments for SGLT2 in both
cell types. Interestingly we were not able to silence SGLT2 protein as detected with the same
commercially available antibody in the western blot (Supplementary Fig. 10f). This fact
raised the question whether we could detect mRNA of SGLT2 in HCAECs. By qPCR we show
that SGLT2 mRNA is in fact not detectable in HCAECs (Supplementary Fig. 10g). Together
with the fact that the study of Mancini al. showed that HUVECs also do not express relevant
amounts of SGLT2 [17], we therefore cannot exclude that the bands seen in western blot with
the commercially available antibody might not be SGLT2 protein.
This suggests that SGLT2 inhibition is probably not involved in the observed antiinflammatory effects of EMPA and DAPA.
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Discussion

In the present study, we investigated whether SGLT2i’s exert pleiotropic effects on
arterial and venous endothelial cells stimulated with TNFα. Our data showed that EMPA
and DAPA reduce ROS levels and restore NO bioavailability in TNFα-stimulated HCAECs.
TNFα-induced changes of endothelial monolayer permeability were unresponsive to EMPA
treatment. EMPA and DAPA neither prevent the increased adhesion molecules expression
after TNFα stimulation nor eNOS phosphorylation or expression. Taken together, these data
suggest that SGLT2i’s EMPA and DAPA directly intervene with TNFα-induced endothelial
dysfunction by reducing ROS levels and restoring NO bioavailability.
EMPA and DAPA restore NO bioavailability after TNFα stimulation without affecting eNOS
phosphorylation or expression
Changes in intracellular NO concentrations were determined after 6h treatment with
TNF in the presence or absence of EMPA and DAPA. We observed a restoration in NO
bioavailability by EMPA and DAPA in TNFα-stimulated HCAECs. TNFα can modulate NO
bioavailability by directly affecting the phosphorylation or expression of eNOS [3, 4,6] and
by increasing the intracellular superoxide levels [6, 25]. At 6h after treatment with TNFα we
did not find significant changes between the TNFα and the TNFα+EMPA group in both cell
types suggesting that phosphorylation of eNOS Ser1177 and eNOS signaling is not involved
in the strong reduction of ROS by EMPA and DAPA at that time.
We observed 50-60% reduction in eNOSSer1177 and total eNOS expression in 24h
TNFα stimulated HUVECs and HCAECs. Since not only phosphorylated eNOS, but also
total expression, was reduced by TNFα, it is most likely that TNFα under these conditions
resulted in decreased synthesis or elevated breakdown of eNOS (mRNA) rather than acting
on phosphorylation of eNOS [3, 6]. We did, however, not observe a restoration of eNOS
phosphorylation and eNOS expression by EMPA or DAPA. Conversely, TNFα-induced ROS
generation was completely abolished by both SGLT2i’s in HCAECs, which may suggest
that EMPA and DAPA affect NO bioavailability by inhibiting the generation of ROS (further
discussed in the next section).
There are several studies showing vasodilation effects of SGLT2i’s. In ex vivo intact mouse
hearts, we observed acute vasodilation by 1 µM EMPA treatment [26]. The direct effect of
EMPA observed in that study may be associated with inhibition of the sodium/hydrogen
exchanger 1 (NHE-1) in cardiomyocytes [26–29]. Although inhibition of endothelial NHE1 has also been linked to improved endothelial cell function [30, 31], it remains unknown
whether NHE-1 was actually inhibited in the TNFα-stimulated HUVECs and HCAECs in the
present study. Furthermore, EMPA was shown to preserve vasodilator response and eNOS
expression in vascular rings [32] and recovered nitrite levels in cultured HUVECs during
hyperglycemia [33]. Effects of EMPA on vascular rings were suggested to be linked to SGLT2
inhibition in endothelial cells [33]. However, using vascular rings, effects on vascular smooth
muscle cell function cannot be excluded.
The role of Cav-1 in endothelial cells has previously been associated within TNFαinduced signaling. Cav-1 downregulation resulted in improved monolayer integrity in rat
pulmonary microvascular endothelial cells stimulated with TNFα [34]. Moreover, elevated
Cav-1 levels have been observed in endothelial cells subjected to TNFα [35]. In contrast,
our data show no TNFα-induced Cav-1 upregulation in HCAECs. Knowing that Cav-1 plays a
major role in endothelial signaling pathways in vascular pathologies, further studies should
explore to what extent Cav-1 signaling is divergent in HCAECs compared to other endothelial
cells.
Interestingly, co-immunoprecipitation of eNOS and Cav-1 in both cell types revealed
no significant changes in the co- immunoprecipitated complexes between TNFα and
TNFα+EMPA treated cells. These data further strengthen the hypothesis that EMPA does not
modulate localization of eNOS in proximity to Cav-1.
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Regarding the second (inhibitory) phosphorylation site of eNOS, eNOS Thr495, the recent
study of Steven et al. showed that EMPA treatment inhibits this phosphorylation site [32].
The authors suggest that the improved NO/cGMP signaling they measured is not based on
upregulation of eNOS gene expression but rather on prevention of oxidative damage of the
NO/cGMP signaling pathway [32].
Since this study was also performed in animals, it cannot be excluded that the effects of
EMPA on peNOSThr495 are not specifically a direct effect on endothelial cells.
Combined, the results of the present study propose that EMPA and DAPA restore NO
bioavailability rather by a pathway not involving eNOS phosphorylation, expression or
signaling.

EMPA and DAPA attenuate TNFα-induced increase in ROS
An elevation in ROS levels is an important hallmark of endothelial dysfunction [36].
Using live cell imaging, we observed that TNFα significantly elevated ROS levels and that
treatment with EMPA or DAPA completely inhibited the TNFα-induced upregulation of
intracellular ROS levels. Our data correspond to a previous report showing total inhibition of
ROS by EMPA in TNFα-stimulated cardiac microvascular endothelial cells [18]. These effects
could not be explained by a direct ROS scavenging effect of EMPA [18]. To our knowledge for
DAPA no report exist that shows this strong inhibition of DAPA on TNFα-induced ROS levels
in endothelial cells. Therefore, the inhibition of inflammation-induced oxidative stress by
SGLT2i’s seems to be a class effect of these novel anti-diabetic drug.
We also investigated intracellular ROS using a FACS-based commercially available
technique. ROS levels were expected to be increased in TNFα-stimulated endothelial
cells, which was indeed the case with a ~50% increase in ROS after 4 h TNFα stimulation
(Supplementary Fig. 3). However, no effect of EMPA on ROS was observed in both HUVECs
and HCAECs. An important difference between the FACS-based measurements and the live
cell imaging technique is that the latter is able to measure all intracellular ROS, including
super-oxide, while super-oxide cannot be detected by the FACS assay. Furthermore, when
employing the FACS technique TNFα and/or EMPA were not present at the time the
suspended cells were loaded with the ROS probe, thus an acute EMPA effect might not be
measured with this technique. In accordance with our data from live cell imaging, it was
reported that mitochondrial ROS was inhibited by EMPA in cardiac microvascular endothelial
cells stimulated with TNFα [18].
Previous in vitro investigations have reported divergent effects of SGLT2i’s on
intracellular ROS in non-endothelial cell types. Pre-incubation of EMPA in Tacrolimusinduced human kidney 2 (HK-2) cells reduced the burst of intracellular ROS levels at
concentrations of 100 and 500 nM [37]. In cultured LPS-induced macrophages, canagliflozin
(CANA) reduced oxidative stress and exhibited anti-inflammatory effects after 3-12 hours
[38]. The effects were likely due to the inhibition of glucose metabolism and an increase in
autophagy. However, reduced ROS was only observed at high dosages (>20 µM) of CANA. In
differentiated renal proximal tubule epithelial cells, super-oxide production was not affected
at clinically relevant dosages of EMPA, DAPA and CANA. Conversely ≥50 µM CANA did induce
super-oxide production, suggesting a cytotoxic effect of the drug at higher concentrations
[39]. Overall, the effects of SGLT2i’s on intracellular ROS is concentration-, SGLT2i type- and
cell type-dependent. Further studies should unravel under which conditions SGLT2i’s reduce
ROS and should also investigate which other cellular mechanisms related to ROS are affected
by SGLT2i’s.

No direct improvement in cell-cell adhesion by SGLT2i’s
Direct anti-inflammatory actions of SGLT2i’s CANA and DAPA have been observed
previously in HUVECs using inflammatory stimuli, including IL-1β or TNFα [15, 40]. In
HUVECs and HCAECs, EMPA did not attenuate the TNFα-induced upregulation of endothelial
cell permeability, and expression of VCAM-1 and ICAM-1. These data are in line with previous
findings in HUVECs showing no effect of EMPA or DAPA on IL-6 and MCP-1 secretion in IL-
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1β-stimulated HUVECs [17]. Conversely, a previous study reported that low doses of DAPA
possess direct anti-atherogenic effects in cultured HUVECs by attenuation of TNFα-induced
VCAM-1 and ICAM-1 expression after 24h [15]. Possible divergent results between these
studies may lie in the inflammatory stimuli (IL-1β vs. TNFα) as well as the concentration
SGLT2i used (1 µM vs. 1-5nM respectively), which both differed in those studies. With regard
to protective effects of DAPA observed at lower dosages, we also performed pilot studies
that included lower doses of DAPA (1 and 10 nM), which showed no changes in adhesion
molecules and phosphorylated eNOS expression. Therefore, these concentrations were not
further explored by us (data not shown).
The way SGLT2i’s could directly affect endothelial cell function under inflammatory
conditions is still debated [28]. Increased 5’ AMP-activated protein kinase (AMPK) activity
through inhibition of mitochondrial complex 1 by CANA has been postulated to be involved
in the anti-inflammatory effect of CANA, although this pathway seems to be only affected by
CANA and not by DAPA or EMPA [17, 40]. It becomes more apparent that SGLT2i’s possess
drug-specific effects on intracellular mechanisms and cell function in endothelial cells.
Mancini et al. reported that cell adhesion molecules expression and NFkB signaling were
not affected at a clinically relevant concentrations of CANA [17], which supports our data
showing no effect of EMPA on TNFα-induced adhesion molecule expression. Overall, data
from our study offer evidence that both EMPA and DAPA do not attenuate permeability,
VCAM-1 and ICAM-1 expression in TNFα stimulated HCAECs and HUVECs.
Finally, our data from the quantitative measurement of endothelial permeability and
the fluorescent staining of the endothelial monolayer suggest that baseline monolayer
permeability was higher in HCAECs (Fig. 7a) compared to HUVECs (Fig. 7b). The HCAECs
may have possibly been more responsive to the different stimuli compared to the HUVECs.
Evidently, the use of these two different endothelial cell types indicates to some extent a
divergence character and response for HCAECs and HUVECs as for HUVECs we did not
find a significant effect on NO or ROS measured by live cell imaging, though especially ROS
measurements clearly showed the same trend as in HCAECs (Supplementary Fig. 5).
Expression of SGLT2 in endothelial cells
The presence of SGLT2 in endothelial cells is currently discussed and several studies
have explored SGLT2 expression at the protein and mRNA level in endothelial cells [33, 41,
42]. A very recent study showed elevated mRNA and protein SGLT2 expression levels in
porcine coronary artery endothelial cells exposed to H2O2 or high glucose [43]. This study did
show that 100 nM EMPA reduced SGLT2 protein expression in high glucose porcine coronary
artery segments, although no change in the activity of SGLT2 by EMPA was observed.
We have explored SGLT2 protein expression in HUVECs and HCAECs using a commercially
available antibody for SGLT2. In both cell types, western blot analysis of SGLT2 suggested that
SGLT2 protein is expressed. This was shown by a corresponding band on the immunoblot
(Supplementary Fig. 10). Regarding the interpretation of the SGLT2 protein band our data
showed increased SGLT2 expression already after 24h of TNFα stimulation, although this
effect was only detected in HUVECs and not HCAECs. In both cell types, EMPA did not alter
the expression of SGLT2. In contrast, in kidney epithelial cells, TNFα (10 pg/mL) stimulated
SGLT2 mRNA only after 4 days and SGLT2 expression after 5 days [44].
However, while we aimed to answer the question whether the observed effects of EMPA
are actually mediated via SGLT2 we struggled upon the fact that we were unable to silence
the SGLT2 protein expression in both cell types using siRNA for SGLT2. Thus, we performed
quantitative PCR to measure mRNA levels for SGLT2 in HCAECs, and could not detect any
SGLT2 mRNA. Taken this together with the fact that Mancini and co-workers did not find
SGLT2 mRNA in human umbilical vein endothelial cells and human aortic endothelial cells
[17] raises the concern that although the antibody used to detect SGLT2 was specific for
human SGLT2, the expression of SGLT2 mRNA in endothelial cells is very questionable and
will need further investigations.
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Study limitations
In all our experiments, the experimental and culture conditions lacked flow, which may
have affected endothelial activity as well as the expression of particular membrane receptors.
Furthermore, we only studied the effects of the SGLT2 inhibitors on endothelial cells obtained
from non-diabetic subjects and at normo-glycemic conditions. Previous studies have reported
an increased activity of endothelial cells or endothelial dysfunction with elevated glucose
concentrations [30, 45–47]. We have performed extensive experiments at various glucose
concentrations, however we did not observe a decline in endothelial function and activity,
i.e. eNOS phosphorylation, adhesion molecules expression and ROS levels after 24-72h of
hyperglycemia (unpublished data). Further research should investigate the effects of SGLT2
inhibitors in diabetic endothelial cells or at high glucose concentrations in combination with
an inflammatory stimulus. Furthermore, the experiments with HCAECs were performed in
a commercially available cell line derived from one donor, so a complete generalization of
these results is only possible to a limited extend as we cannot know how a different donor
would have responded to the treatments.
Although we observed a significant reduction in the total eNOS levels in these experiments,
we cannot exclude the fact that the downregulation of eNOS phosphorylation by TNFα was
not significant in the DAPA experiments due to low n (n=6-8 in DAPA experiments vs. n=12
in EMPA experiments).
Considering the TNFα dosage used, our pilot data with 2ng/mL showed no significant
reduction in eNOS expression, therefore we chose to use 10ng/mL TNFα as a model of
endothelial inflammation. This concentration of TNFα has been previously observed in
several patients populations [48, 49], therefore it may remain of physiological significance.
However, inflammation remains a complex signaling cascade and the use of only TNFα
to induce inflammation may have been insufficient to study endothelial inflammatory
mechanisms.
Conclusion

Empagliflozin and Dapagliflozin restore NO bioavailability, possibly via the reduction
in ROS generation in TNFα-stimulated HCAECs. The anti-inflammatory effects of SGLT2i’s
Empagliflozin and Dapagliflozin do not appear to be mediated via eNOS phosphorylation/
expression and changes in adhesion molecules expression. Our study provides novel insights
into the direct cellular effects of SGLT2i’s in the endothelium.
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