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Abstract: Chronic hypoxia drives vascular dysfunction by various mechanisms, including changes in
mitochondrial respiration. Although endothelial cells (ECs) rely predominantly on glycolysis, hypoxia
is known to alter oxidative phosphorylation, promote oxidative stress and induce dysfunction in
ECs. Our work aimed to analyze the effects of prolonged treatment with hypoxia-mimetic agent
CoCl2 on intracellular nucleotide concentration, extracellular nucleotide breakdown, mitochondrial
function, and nitric oxide (NO) production in microvascular ECs. Moreover, we investigated how
nucleotide precursor supplementation and adenosine deaminase inhibition protected against CoCl2-
mediated disturbances. Mouse (H5V) and human (HMEC-1) microvascular ECs were exposed to
CoCl2-mimicked hypoxia for 24 h in the presence of nucleotide precursors: adenine and ribose, and
adenosine deaminase inhibitor, 2′deoxycoformycin. CoCl2 treatment decreased NO production by
ECs, depleted intracellular ATP concentration, and increased extracellular nucleotide and adenosine
catabolism in both H5V and HMEC-1 cell lines. Diminished intracellular ATP level was the effect of
disturbed mitochondrial phosphorylation, while nucleotide precursors effectively restored the ATP
pool via the salvage pathway and improved endothelial function under CoCl2 treatment. Endothelial
protective effects of adenine and ribose were further enhanced by adenosine deaminase inhibition,
that increased adenosine concentration. This work points to a novel strategy for protection of hypoxic
ECs by replenishing the adenine nucleotide pool and promoting adenosine signaling.

Keywords: endothelium; hypoxia; nucleotides; adenine; ribose; nitric oxide; ATP; adenosine

1. Introduction

Hypoxia plays a key role in the pathophysiology of cardiovascular diseases, including
atherosclerosis, hypertension, and heart failure [1]. Due to their direct contact with circulat-
ing blood, vascular endothelial cells (ECs) are sensitive to any changes in oxygen levels [2].
Two main responses of ECs to insufficient oxygen availability have been described, which
depend on the degree and duration of the insufficient oxygen supply. First, acute hypoxia
stimulates ECs to release inflammatory mediators that promote neutrophil adhesion to ECs,
or activate platelets [3]. Moreover, during early stages of hypoxia, adaptation and survival
mechanisms are activated in response to decreased mitochondrial oxidative phosphoryla-
tion. These include shifting towards glycolytic metabolism, stimulating the production and
activation of endothelial nitric oxide synthase (eNOS) or inducing angiogenic potential [4].
Second, when ECs are exposed to longer-term low oxygen tension, endothelial dysfunction
and downregulation in eNOS expression become evident [5]. Sustained hypoxia also
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prompts ECs to generate factors that lead to vascular remodeling via the activation of
smooth muscle cell proliferation and migration [6]. These are maladaptive responses that
trigger significant vascular injury.

Intravascular ATP and adenosine are important regulators of vascular remodeling,
endothelial barrier function, and neovascularization in numerous pathological states, in-
cluding hypoxia, inflammation, and oxidative stress [7]. In response to pathological stimuli,
vascular endothelium can release ATP, which triggers diverse signaling effects via ligand-
gated (P2X) or G-protein-coupled (P2Y) receptors [8,9]. The following rapid cell-surface
dephosphorylation of nucleotides turns off their signal transduction. This is of special
importance, as adenosine is the product of nucleotide catabolism that binds to P1 receptors
with opposite properties, frequently counteracting ATP and ADP effects [10]. The key
ecto-enzymes that regulate the balance between extracellular nucleotides and adenosine
comprise nucleoside triphosphate diphosphohydrolase-1 (known as CD39 or NTPDase1)
and ecto-5′nucleotidase (E5NT or CD73) [11,12]. Extracellular adenosine signaling may be
terminated by its uptake, via nucleoside transporters or further cell-surface catabolism by
ecto-adenosine deaminase (eADA) [13].

Hypoxia-induced control of purine homeostasis and signaling has been revealed [7].
This included changes in cell-surface nucleotide catabolism and upregulated de novo
purine synthesis, which may be the major components of an adaptive response of ECs
to hypoxia and the loss of cellular ATP. Although it seems that, especially under chronic
hypoxia conditions, these mechanisms do not provide an efficient restoration of endothelial
ATP. Therefore, improving nucleotide status in ECs opens up new possibilities for pharma-
cological therapy of the vascular endothelium under disease conditions associated with
prolonged oxygen deprivation.

Cellular responses to low tissue oxygen levels are primarily controlled by transcription
factors called hypoxia-inducible factors (HIFs) [14]. HIFs are heterodimer complexes, com-
posed of inducible α and constitutively expressed β subunits [15]. Two α subunits (HIF-1α
and HIF-2α) are known to accumulate in ECs, activating target genes that promote endothe-
lial differentiation, growth, and migration [16]. It has been shown that HIFs are engaged in
classic adaptive responses related to the induction of protective mechanisms that appears
in acute hypoxia. However, as the duration of hypoxia continues, the activation of many
other secondary signaling pathways can take place [17]. One of the best chemical models of
HIF stabilization in vitro is hypoxia-mimetic agent, cobalt chloride (CoCl2), which prevents
HIF degradation by hydroxylation [18]. As chronic hypoxia is a vital component in many
cardiovascular diseases, this study aimed to investigate the effects of prolonged CoCl2
treatment on intracellular nucleotide concentration, extracellular nucleotide breakdown,
mitochondrial function, and nitric oxide (NO) production in microvascular ECs, and to also
investigate how nucleotide precursor supplementation and adenosine deaminase inhibition
counteract the deleterious effects of CoCl2.

2. Materials and Methods
2.1. Cell Culture and Treatment

Mouse heart microvascular ECs (H5V) were kindly provided by Dr Patrycja Koszalka
(Department of Cell Biology, faculty of Medical Biotechnology, Medical University of
Gdańsk, Gdańsk, Poland). Human microvascular ECs (HMEC-1) were purchased from
ATCC (USA). H5V cells were cultured in DMEM supplemented with 4.5 g/L glucose, 10%
(v/v) fetal bovine serum (FBS), 1 mM sodium pyruvate, 2 mM glutamine and 1% (v/v)
penicillin/streptomycin. HMEC-1 cells were cultured in MCDB131 medium with 10%
(v/v) FBS, 10 ng/mL epidermal growth factor (EGF), 1 µg/mL hydrocortisone, 10 mM
glutamine, and 1% (v/v) penicillin/streptomycin. Pig vascular endothelial cells (PIECs)
were derived spontaneously from endothelial cell culture of a pig iliac artery and it was
a gift from Dr. K. Welsh, Oxford, UK and transfected with human E5NT (hCD73-PIEC)
and eNTPD1 genes (hCD39-PIEC), according to a method described earlier [19]. Mock
transfected pig endothelial cells (MOCK-PIECs) were obtained by subjecting PIECs to
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the same [19] transfection procedure using empty vector. PIECs were cultured in RPMI
supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 1% (v/v) penicillin/streptomycin.
All cells were cultured in a completely humid atmosphere at 37 ◦C and 5% CO2. The FBS
was reduced to 1% 24 h before the experiment. Experiments were performed at 24-well
plates on subconfluent monolayer ECs (80%) after the third passage. The cells were treated
with a hypoxia-mimetic agent, 100 µM cobalt chloride (CoCl2) for 24 h at 37 ◦C and 5% CO2.
Control cells were incubated with the vehicle (distilled water) under the same conditions.
Adenine (SigmaAldrich, St. Louis, MO, USA) and ribose (SigmaAldrich, St. Louis, MO,
USA) were added 45 min before the addition of CoCl2.

2.2. Quantification of Nucleotide and Their Catabolites Concentration Using RP-HPLC

After the treatment on 24 well plates, the cell medium was collected, centrifuged
at 150× g for 3 min and the supernatant was used for the measurement of endogenous
adenosine and inosine concentration using a previously described method [20]. The cell
monolayer was then washed with PBS (pH 7.4) and ice-cold 0.4 mol/L HClO4 (300 µL)
was added. After that, the plate was frozen at −80 ◦C and, 24 h later, it was thawed on
ice and frozen again. After thawing, the supernatant was aspirated and 3 M K3PO4 was
added to obtain the pH 6. All samples were centrifuged (20,800× g, 4 ◦C, 10 min) and the
supernatants were used for the analysis of nucleotide concentrations with RP-HPLC [20].
The results were expressed as nmol/mg of protein.

2.3. Quantification of HIF1a Concentration in Cell Lysates

For the measurement of HIF1α concentration, cells were cultured and treated on
75 cm2 cell culture flasks. After the treatment, flasks were rinsed twice with PBS and
cells were solubilized (1 × 107 cells/mL) with a lysis buffer that contained 50 mM TRIS
(pH 7.4), 300 mM NaCl, 25 mM NaF, 20 mM B-glycerophosphate, 3 mM EDTA, 1 mM
MgCl2, 25 µg/mL leupeptin, 25 µg/mL pepstatin, 3.0 µg/mL aprotinin 10% (w/v) glycerol
and 1% Triton X-100. Then samples were allowed to sit on ice for 15 min and frozen at
−80 ◦C. Before use, samples were centrifuged (2000× g for 5 min) and, in supernatant,
HIF1α concentration was measured using ELISA kit (cat no. DYC1935, RnDSystems,
Minneapolis, MN, USA), according to the manufacturer’s instructions.

2.4. Quantification of Total Nitric Oxide, NO2
− and NO3

− Concentration in Cell
Culture Medium

The concentration of total nitric oxide, nitrite, and nitrate in cell culture supernatants
was measured using a Nitric Oxide (NO2

–/NO3
–) detection kit (cat no. ADI-917-010, Enzo

LifeSciences, Farmingdale, NY, USA), according to the manufacturer’s instructions.

2.5. Quantification of Cell Protein Content

After the experiments, cell protein from a 24-well plate was dissolved in 0.5 M NaOH
and measured using the Bradford method, according to the manufacturer’s protocol.

2.6. Measurement of the Extracellular ATP and AMP Hydrolysis, and Adenosine Deamination

After reaching confluence at 24-well culture plates, cells were washed with PBS
and 1 mL of HBSS was added to each well. After that, 50 µmol/L of ATP, AMP, or
adenosine were sequentially added and the samples were collected, after 0′, 5′, 15′, and 30′

of incubation at 37 ◦C, and analyzed using HPLC as described above. Protein residue was
dissolved in 0.5 mol/L NaOH, and measured with the Bradford method.

2.7. Immunofluorescence Staining

Immunofluorescent staining of endothelial total and phosphorylated at Ser1177 nitric
oxide synthase (total-eNOS and phospho-eNOS) was performed in HMEC-1 cells plated in
96-well format (Corning, NY, USA). Cells were washed twice with FBS-free medium and
incubated with rabbit primary anti-NOS antibody (Thermo Fisher Scientific, Waltham, MO,



Biomedicines 2022, 10, 1540 4 of 18

USA) for 1 h. After washing, Alexa Fluor 594- or 488-conjugated goat-anti-rabbit secondary
antibody (Jackson Immuno, Cambridgeshire, UK) was added for 30 min. DAF-FM Diacetate
(Thermo Fisher Scientific, Hertfordshire, UK) was used to detect nitric oxide. Alternatively,
cells after the treatment were stained with MitoTracker Deep Red FM (Thermo Fisher
Scientific, Hertfordshire, UK) at final concentration of 0.5 µmol/L for 45 min, then washed
twice with PBS and fixed in methanol. Cell nuclei were counterstained by DAPI. Images
were taken and analyzed using fluorescence microscope (Zeiss, Dresden, Germany) and
ZEN software v.3.3 blue edition (Zeiss, Dresden, Germany).

2.8. Mitochondrial Function Analysis

The functional analysis of mitochondria was performed in HMEC-1 cells using a
Seahorse XFp analyzer (Agilent, Santa Clara, CA, USA). Cells were seeded in XFp 8-well
microplates (5× 104 cells/well) in a final volume of 80 µL MCDB full medium. The next day,
cells were stimulated with/without CoCl2 for a further 24 h. Afterwards, cells were washed
and incubated in 180 µL of Seahorse DMEM medium (enriched with 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose) at 37 ◦C for 45 min. Oligomycin (inhibitor of ATP-synthase),
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; mitochondrial uncoupler),
and a mix of rotenone (a complex I inhibitor) and antimycin A (a complex III inhibitor) were
sequentially injected to a final concentration of 1.5 µM, 0.5 µM and 0.5 µM, respectively.
Subsequently, the oxygen consumption rate (OCR) was recorded and basal respiration,
ATP production, proton leak, maximal respiration, and nonmitochondrial respiration were
calculated. The OCR was normalized to the protein concentration determined by the
Bradford method.

2.9. Statistical Analysis

Statistical analysis was accomplished using InStat software (GraphPad, San Diego,
CA, USA). Firstly, to assess the normality distribution, the normality tests were used.
The comparisons of mean values between groups were assessed by unpaired Student’s
t-test, or one-way Anova, followed by Holm-Sidak post hoc test, as appropriate. Pearson’s
correlation coefficient was done to perform the correlation analysis. For each type of
experiment, the exact value of n was provided. The significance was assumed at p ≤ 0.05.
The error bars presented the standard error of the mean (SEM).

3. Results
3.1. Induction of Hypoxia-Mimic Conditions in Murine Cell Line H5V

First, we established a functional in vitro model of hypoxia-mimicked murine ECs.
Treatment with CoCl2 for 24 h caused an increase in HIF-1α concentration in H5V cell
lysate (Figure 1A). There were no significant differences in proliferation between hypoxic
and control cells (Figure 1B,C). Hypoxia- mimicked H5V cells had decreased levels of
intracellular ATP and ATP/ADP ratio, while intracellular NAD concentration remained
unaffected (Figure 1D). To compare the activity of eNOS, we evaluated total concentrations
of NO, NO2

– and NO3
– in cell culture media, which were all decreased after the treatment

with CoCl2 (Figure 1E).
Next, we analyzed the effect of hypoxia on ecto-enzyme activities by quantifying the

extracellular nucleotide conversion rates. A significant increase in extracellular ATP and
AMP hydrolysis was detected in cells treated with CoCl2 for 24 h, in comparison to the
vehicle-treated control (Figure 2A,B). Hypoxic cells also had a higher rate of extracellular
adenosine deamination (Figure 2C).
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lysate in control cells and following 24 h stimulation with 100 μM CoCl2; (B). Total cell protein, (C). 
Representative H5V cell images, (D). Intracellular ATP and NAD concentration, (E). The 
concentration of total NO, NO2– and NO3–  in the cell culture media of control cells and after 24 h of 
hypoxia-mimic conditions. Results are shown as mean ± SEM; n = 6; * p < 0.05; *** p < 0.001; ns = not 
significant. 

Next, we analyzed the effect of hypoxia on ecto-enzyme activities by quantifying the 
extracellular nucleotide conversion rates. A significant increase in extracellular ATP and 
AMP hydrolysis was detected in cells treated with CoCl2 for 24 h, in comparison to the 
vehicle-treated control (Figure 2A,B). Hypoxic cells also had a higher rate of extracellular 
adenosine deamination (Figure 2C). 

 
Figure 2. CoCl2-mimicked hypoxia promoted extracellular nucleotide hydrolysis and adenosine 
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conditions (CoCl2). Results are shown as mean ± SEM; n = 6; * p < 0.05, *** p < 0.01. 

Figure 1. CoCl2-mimicked hypoxia depleted intracellular ATP concentration and endothelial cell
function in murine heart endothelial cells (H5Vs). (A). HIF-1α levels were determined in H5V cell
lysate in control cells and following 24 h stimulation with 100 µM CoCl2; (B). Total cell protein,
(C). Representative H5V cell images, (D). Intracellular ATP and NAD concentration, (E). The con-
centration of total NO, NO2

– and NO3
– in the cell culture media of control cells and after 24 h

of hypoxia-mimic conditions. Results are shown as mean ± SEM; n = 6; * p < 0.05; *** p < 0.001;
ns = not significant.
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deamination in H5V endothelial cells. The rates of extracellular ATP hydrolysis (A), AMP hydroly-
sis (B), and adenosine (Ado) deamination (C) in H5V cells in control and hypoxia-mimic conditions
(CoCl2). Results are shown as mean ± SEM; n = 6; * p < 0.05, *** p < 0.01.

3.2. Effects of Adenine and Ribose Supplementation on CoCl2-Treated Murine Cell Line H5V

The addition of 100 µM adenine and 2.5 µM ribose to the culture medium did not
affect the proliferation of H5V cells under hypoxia-mimic conditions (Figure 3A,B) or in
normoxia (Supplementary Figure S1A). Although no significant changes were observed
after the supplementation, regarding intracellular ATP/ADP ratio and NAD concentration,
ATP concentration increased both in normoxic (Supplementary Figure S1C) and hypoxic
(Figure 3C) cells. The concentration of total NO and NO2

− was significantly higher in the
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culture media of cells treated with nucleotide precursors prior to induction of hypoxia-
mimic conditions (Figure 3D).
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Figure 3. Adenine and ribose supplementation enhanced intracellular nucleotide pool and endothelial
function in CoCl2-treated H5V endothelial cells. (A). Total cell protein, (B). Representative H5V cell
images after CoCl2-mimicked hypoxia in the presence (A + R) and absence (nt) of 100 µM adenine
and 2.5 µM ribose; (C). Intracellular nucleotide concentration after A + R treatment during hypoxia
conditions. (D) The concentration of total NO, NO2

– and NO3
– in the cell culture media after adenine

and ribose treatment (A + R) after 24 h of CoCl2 treatment. Results are shown as mean ± SEM; n = 6;
* p < 0.05; ** p < 0.01; **** p < 0.0001; ns = not significant.

3.3. Induction of Hypoxia-Mimic Conditions in Human Cell Line HMEC-1

CoCl2 treatment, via the HIF stabilization mechanism, also induced hypoxia-mimic
conditions in human endothelial cell line HMEC-1. We verified this by measuring the
concentration of HIF-1α, which was elevated 5 times after the stimulation (Figure 4A).
CoCl2-mimicked hypoxia also decreased protein concentration in HMEC-1 (Figure 4B). The
morphology of control and CoCl2-treated cells is shown in Figure 4C. Then, we analyzed
the effect of CoCl2-treatment on mitochondria function in human ECs. It turned out that
oxygen consumption rate was reduced in CoCl2-stimulated cells, and all mitochondria res-
piration parameters, including basal-, ATP-linked, and maximal respiration, as well as spare
capacity, were decreased after CoCl2 (Figure 4D–F). This was related to inhibited transport
of protons and, thereby, decreased mitochondrial membrane potential, analyzed by the
staining with MitoTracker fluorescent dye that accumulates upon membrane potential
(Figure 4G,H). Next, the effect of CoCl2 on the structure of mitochondria was investigated.
Imaging of life cell mitochondria, using MitoTracker Deep Red, revealed mitochondrial
aggregation after 24 h stimulation with CoCl2 (Figure 4H). CoCl2-challenged-HMEC-1 cells
also displayed decreased concentration of intracellular ATP in comparison to control, while
intracellular NAD concentration remained without significant changes (Figure 4I). Total
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NO concentration, as well as NO2
– and NO3

– levels, in cell culture media were decreased
after CoCl2 treatment (Figure 4J).
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cells and following 24 h stimulation with 100 µM CoCl2; (B). Total cell protein, (C). Representative
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Next, we analyzed extracellular purine metabolism by quantifying the rates of exoge-
nous nucleotide and adenosine conversions. We observed higher rates of ATP and AMP
hydrolysis in CoCl2-treated cells (Figure 5A). There was no significant change in adenosine
deamination rate between cells under normoxia and hypoxia-mimic conditions. However,
a trend toward higher ecto-adenosine deaminase activity was observed (Figure 5A). This
extracellular nucleotide metabolism pattern was reflected by slightly higher endogenous
adenosine concentration in the cell media of CoCl2-treated cells, but it was rapidly deami-
nated to inosine (Figure 5B). The use of adenosine deaminase inhibitor, deoxycoformycin
(dCF), together with CoCl2, counteracted extracellular adenosine degradation, improving
its level in cell medium that was at least 5 times higher than in CoCl2-treated cells alone
(Figure 5B). To determine the relation between adenosine and NO levels in EC media, we in-
vestigated the capacity of pig endothelial cells, transfected with human ecto-nucleotidases
(hCD39 and hCD73), to NO production. Firstly, we characterized transfected cells that
exhibited a massive, 60 times higher rate of ATP hydrolysis (hCD39-PIEC) and AMP
hydrolysis (hCD73-PIEC), in comparison to mock-transfected control cells MOCK-PIEC
(Figure 5C). This resulted in moderately higher endogenous adenosine levels in hCD39-
PIEC cell media, while hCD73-PIEC revealed highly increased levels of both endogenous
adenosine and inosine concentrations in cell culture media (Figure 5D). The adenosine con-
centration positively correlated with NO concentration in the PIEC cell media (Figure 5E).
However, there were no differences in the ability to produce NO between MOCK- and
hCD39-PIECs, while hCD73-transfected cells produced much more NO than control and
hCD39 cells (Figure 5E).

3.4. Effects of Adenine and Ribose Supplementation on CoCl2-Treated Human Cell Line HMEC-1

Similar to H5Vs, HMEC-1 cells were supplemented with nucleotide precursors, ade-
nine and ribose, before CoCl2 treatment. No significant changes between supplemented
and non-supplemented hypoxia-mimic cells were observed regarding cell proliferation
(Figure 6A,B). Supplementation increased intracellular ATP concentration, although it did
not significantly affect intracellular ATP/ADP ratio and NAD concentration (Figure 6C).
There were tendencies toward higher concentrations of total NO and NO3

− in adenine and
ribose supplemented HMEC-1 cells under hypoxia-mimic conditions (Figure 6D). Moreover,
quantitative analysis of mean fluorescence intensity (MFI) for total-eNOS, phospho-eNOS
(Ser1177) and NO staining showed that CoCl2 treatment significantly decreased total- and
phospho-eNOS expression, as well as phospho-eNOS/total-eNOS ratio, providing the
evidence of subsequent loss of eNOS activity (Figure 6E–H). Adenine and ribose supple-
mentation in part reversed this effect, resulting in no significant difference between this
group and control cells in the context of total-eNOS expression and NO MFI (Figure 6E,F).

https://BioRender.com
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Figure 5. CoCl2-mimicked hypoxia upregulated extracellular nucleotide hydrolysis and adenosine
deamination in human endothelial cells, while the inhibition of adenosine catabolism maintained
its extracellular levels at those corresponded with enhanced NO release, as verified using porcine
cells transfected with human ecto-nucleotidases. (A). The rates of extracellular ATP hydrolysis, AMP
hydrolysis, and adenosine (Ado) deamination in control and CoCl2-treated cells. (B). Endogenous
Ado and inosine (Ino) concentration in the medium of control and CoCl2-treated cells in the presence
of absence of adenosine deaminase inhibitor, 2′deoxycoformycin (dCF, 10 µM). (C). The rates of
extracellular ATP hydrolysis, AMP hydrolysis, and Ado deamination in mock-transfected porcine
endothelial cells (MOCK-PIEC) and PIEC transfected with human CD39 (hCD39-PIEC) and CD73
(hCD73-PIEC). (D). Endogenous Ado and Ino concentration in the medium of MOCK-PIEC, hCD39-
PIEC and hCD73-PIEC. (E). Pearson’s correlation of total nitric oxide (NO) vs. Ado concentration
in the medium of MOCK-PIEC, hCD39-PIEC and hCD73-PIEC. Results are shown as mean ± SEM;
n = 6; ** p < 0.01, *** p < 0.001, **** p < 0.0001; ns = not significant.

3.5. Effects of Nucleotide Precursors and Adenosine Deaminase Inhibition on CoCl2-Treated
Human Cell Line HMEC-1

Then we analyzed the joint effect of nucleotide precursor supplementation and adeno-
sine deaminase inhibition on functional impairment of ECs stimulated with CoCl2. Com-
bined treatment of adenine and ribose with dCF, before CoCl2-mimicked hypoxia, revealed
higher total NO concentration in the culture media than in non-treated cells (Figure 7).
The use of adenosine receptor antagonists demonstrated that at least part of this effect is
dependent on extracellular adenosine signaling. The addition of DPSPX, an A1 adenosine
receptor antagonist, reversed the influence of nucleotide precursor and adenosine deami-
nase inhibitor treatment. While the usage of A2a and A2b adenosine receptor antagonists
did not affect the protective effects of our supplementation (Figure 7).
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Figure 6. Adenine and ribose supplementation improved intracellular nucleotide status and function
of HMEC-1 cells under hypoxia-mimic conditions. (A). Total cell protein, (B). Representative HMEC-1
cell images after CoCl2 stimulation in the presence (A + R) and absence (nt) of 100 µM adenine
and 2.5 µM ribose; (C). Intracellular nucleotide concentration after A + R treatment during hypoxia-
mimic conditions. (D) The concentration of total NO, NO2

– and NO3
– in the cell culture media

after adenine and ribose treatment (A + R) after 24 h of CoCl2 treatment. (E). Representative images
presenting fluorescence staining of total endothelial nitric oxide synthase (total-eNOS, red), nitric
oxide (NO, green), and nuclei (blue). (F). Quantitative analysis of mean fluorescence intensity (MFI)
for total eNOS and NO staining in control cells and after CoCl2 treatment in the presence and
absence of A + R supplementation. (G). Representative images presenting fluorescence staining of
phosphorylated endothelial nitric oxide synthase at Ser 1177 (phospho-eNOS, green), and nuclei
(blue). (H). Quantitative analysis of MFI for phospho-eNOS and phospho-eNOS/total-eNOS ratio
in control cells and after CoCl2 treatment in the presence and absence of A + R supplementation.
Results are shown as mean ± SEM; n = 6; * p < 0.05, ** p < 0.01, *** p < 0.001; ns = not significant.
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Figure 7. Adenosine deaminase inhibition together with adenine and ribose supplementation pro-
vided benefit for endothelial cell function in CoCl2-mimicked hypoxia by A1 adenosine receptor
mediated mechanism. The concentration of total NO in the HMEC-1 cell culture media after 24 h of
CoCl2-mimicked hypoxia in the presence of adenine (Ade), ribose (Rib), 2′deoxycoformycin (dCF,
adenosine deaminase inhibitor), DPSPX (A1R antagonist), istradefylline (Istra, A2aR antagonist)
and PSB1115 (A2bR antagonist). Results are shown as mean ± SEM; n = 6; * p < 0.05, ** p < 0.01;
ns = not significant.

4. Discussion

This work demonstrated for the first time that combined application of the precursors
for the nucleobase reutilization pathway, together with adenosine deaminase inhibitor,
reversed nucleotide depletion and endothelial impairment induced by CoCl2-mimicked
chronic hypoxia. The supplementation with adenine and ribose augmented ATP concen-
tration and improved NO production in CoCl2-treated mouse and human ECs. Moreover,
the termination of adenosine deaminase-mediated metabolism straightened the protective
effects of nucleotide precursors on ECs, enhancing the bioavailability of adenosine to its
signaling via the A1 receptor.

The most common model to induce hypoxia in vitro is the reduction of O2 concentra-
tion to the level of 1–5% in the culture environment [18]. However, the major limitation of
hypoxic chambers is that the local O2 concentration does not necessarily correspond at the
cellular level [21]. Thus, we decided to mimic hypoxia using CoCl2, that, by competing
with iron ions, inhibits the prolyl hydroxylase domain responsible for HIF-1α hydroxyla-
tion, and, therefore, enables its stabilization [18]. In this study, 24 h treatment with CoCl2
increased HIF-1α concentration in cell lysates in mouse H5Vs and human HMEC-1 ECs. In
analyzed endothelial cells, hypoxia-mimic conditions led to intracellular ATP depletion
and decreased ATP/ADP ratio that was the effect of markedly diminished mitochondrial
oxidative phosphorylation. This was associated with inhibited transport of protons and,
thereby, decreased mitochondrial membrane potential in CoCl2-treated cells.

It was believed that ECs are mainly glycolysis-dependent for energy supply [22], but
increasing data demonstrates that mitochondrial function is essential in the homeostatic
regulation of endothelium [23,24]. There is evidence that proliferative ECs increasingly rely
on mitochondrial oxidative phosphorylation and, particularly, on the mitochondrial proton
gradient [25]. Moreover, it has been shown that key metabolic glucose pathways clearly
modulate endothelial inflammation in in vitro and in vivo studies [26]. The enhancement
of mitochondrial respiration or the pentose phosphate pathway had counterregulatory
anti-inflammatory effects, whereas NF-kB-PFKFB3 signaling-mediated glycolysis stimu-
lation triggered inflammation in [26]. Also, as in our study, when hypoxia occurs, the
mitochondrial respiration in ECs decreases. Hence, especially during an acute hypoxia
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condition, glycolytic metabolism is augmented to compensate for the reduction in ATP
regeneration [27]. ECs are prompted towards glycolytic metabolism under hypoxic condi-
tions via the activation of HIF1α, which induces the expression of pyruvate dehydrogenase
kinase 1 (PDK1) and prevents the conversion of pyruvate to acetyl-CoA [28]. Therefore, as
acetyl-CoA is the principal substrate for tricarboxylic acid (TCA) cycle, HIF1α emphasizes
the reliance of ECs on glycolysis by inhibiting TCA-induced oxidative phosphorylation [16].
However, as intracellular ATP concentration was still diminished in our experimental
setting of prolonged hypoxia, it seems that glycolysis metabolism was not fully sufficient
to regenerate the ATP pool. This could trigger a series of changes in endothelial cell func-
tion [29], including decreased production of NO by eNOS as we observed in both H5Vs
and HMEC-1 cells after CoCl2 treatment [30].

NO is an important protective molecule in the vasculature as it acts as a critical va-
sodilator and inhibitor of many pathological processes, including platelet aggregation
and adhesion, leukocyte adhesion to vessel walls, mitogenesis, or proliferation of smooth
muscle cells [31]. Most of the vascular NO is produced by eNOS, so an imbalance in eNOS
activity is characterized as endothelial dysfunction [32]. ENOS is a Ca2+-dependent enzyme
activated by intracellular Ca2+ signaling [33]. In non-stimulated ECs, spontaneous Ca2+

release, via inositol phosphate receptors (IP3), maintains a basal level of NO, which opposes
the vascular tone [34]. Chemical and mechanical stimuli increase this basal Ca2+ entry, to
stimulate NO production and promote vasodilation [35]. It has been shown that mitochon-
drial regulation of Ca2+ signals was controlled by ATP production that, when reduced by
ATP synthase inhibition or mitochondrial depolarization, abolished local IP3-mediated Ca2+

release [36]. Two mechanisms can elucidate how mitochondrial-derived ATP controls Ca2+

signaling by IP3 receptors. First, high ATP concentration is required to generate IP3 and its
precursors via phospholipase C and phosphoinositide kinase [37,38], and, second, ATP may
sensitize the channel to promote Ca2+ release by binding specifically to an ATP-binding site
on the IP3 receptor [39]. Therefore, ATP production, via mitochondrial respiration, is a key
component that provides long-term regulation of endothelial signaling by IP3-triggered
local Ca2+ release in native endothelium.

An increasing line of evidence suggests that acute and chronic hypoxia also affects
eNOS function in a Ca2+-independent manner. Short-term oxygen deprivation via HIF-1α
signaling upregulates adaptive NO production by ECs [40], whereas longer-term hypoxic
stimulation leads to decreased eNOS activity [5]. A significant role in the regulation of
eNOS activity is played by the phosphorylation state of specific serine, threonine and
tyrosine residues. It has been shown that acute hypoxia that lasts below 3 h stimulates
eNOS phosphorylation at Ser-1177 via the PI3K-Akt pathway and, thus, increases eNOS
activity and NO release [41]. In this study, we showed that CoCl2-stimulated ECs revealed
decreased eNOS phosphorylation (Ser1177) and phospho-eNOS/total-eNOS ratio, which
rather suggested that 24 h CoCl2 treatment displayed similar effects on eNOS activity
as chronic hypoxia. Although, adenosine and ribose supply did not change phospho-
eNOS/total-eNOS ratio under our hypoxia-mimic conditions.

In human ECs, CoCl2-mimicked hypoxia also affected protein concentration, which
could be due to the effect on cell proliferation as a result of increased necrosis or apoptosis.
Therefore, we analyzed how CoCl2 affects mitochondrial structure as disturbances in
mitochondrial morphology are linked with the cell death [42]. Imaging of endothelial cell
mitochondria using MitoTracker revealed their aggregation after CoCl2 treatment. It has
previously been shown that mitochondria become aggregated after exposure to apoptotic
stimuli, followed by cytochrome c release that leads to caspase-3-dependent apoptosis [43].

Besides affecting endothelial cell metabolism and intracellular nucleotide levels, the
hypoxia-driven response significantly alters purinergic signaling pathways. Oxygen de-
privation stimulates ECs to release ATP that triggers vascular inflammation, endothelial
permeability, and thrombosis via P2 receptor stimulation [9,44]. These pathological effects
of soluble nucleotides can be suppressed by redirecting them to extracellular hydrolysis via
the CD39-CD73 axis [45]. In the cardiovascular system, the endothelial ecto-nucleotidases
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play a key role in the balance between nucleotides and protective adenosine, maintain-
ing and strictly regulating the homeostatic process and counteracting excessive vascular
leakage, or clot formation [46,47]. In our work, CoCl2 treatment moderately activated ATP
breakdown into adenosine on the surface of H5V cells but had a strong effect on extracellu-
lar ATP and AMP hydrolysis in human HMEC-1 cells. This was in line with other studies,
where up-regulation of endothelial NTPDase1/CD39 and ecto-5′nucleotidase/CD73 under
oxygen deprivation has been shown [48,49]. Thus, in hypoxic conditions the levels of extra-
cellular adenosine could rise substantially, as an early protective response against excessive
cellular damage. However, adenosine concentration in the extracellular environment is
also controlled by its degradation through cell-surface enzymes and by transmembrane
transport processes [50,51]. In our work, we observed augmented adenosine to inosine
catabolism on the surface of CoCl2-treated endothelial cells. Similarly, other reports have
shown induction of eADA activity in endothelial cells cultured in a hypoxia chamber [13].
This could be an adaptive metabolic mechanism to chronically elevated adenosine levels
during hypoxia, which turns off adenosine-dependent protective pathways.

Pharmacological replenishment of intracellular ATP is a promising strategy to improve
energy-consuming cell functions, including the synthesis and secretion of endothelium-
derived factors or transport functions [52]. Rebuilding the ATP pool in ECs is also important,
due to its role in the production of extracellular adenosine that, via receptor signaling,
further optimizes endothelial function [53]. One of the options to increase the concentration
of ATP in the ECs is to stimulate mitochondrial respiration as a more efficient way to
produce energy than glycolysis. It has been shown that resveratrol increased mitochon-
drial content in ECs. This was related with SIRT1 activation, further eNOS upregulation,
and induction of mitochondrial biogenesis [54]. Resveratrol treatment also stimulated
biogenesis of mitochondria in type 2 diabetic mice aortas [54]. However, manipulating
the mitochondrial function may also be unfavorable in ECs, due to mitochondrial ROS
(mROS) production [55]. At relatively low levels, mROS are critical to support normal or
compensatory functions of the cell [56]. For instance, cells use a severe increase in mROS for
HIF1α stabilization during an hypoxia condition and afterwards restrain ROS production
in chronic hypoxia to avoid cellular damage [57]. However, in some pathological condi-
tions, such as hyperglycemia, excessive production of mROS occurs and it is implicated in
glucose-mediated vascular damage [58]. The key mechanism by which mROS is involved
in endothelial dysfunction is eNOS uncoupling [59]. This phenomenon is based on uncou-
pling eNOS from its cofactor or substrate leading to the production of superoxide (O2

•−)
instead of NO. Moreover, O2

•− further reacts with NO to form ONOO−, thus triggering
oxidative stress and further endothelial dysfunction and vascular disease [60].

Another strategy for replenishing the intracellular ATP pool in ECs is to reinforce its
re-synthesis [61]. The restoration of purine nucleotides can be accomplished from precur-
sors, such as amino acids, formate or bicarbonate, by the multipart de novo pathway or
by salvage pathways from purine derivative precursors, bases and nucleosides [62]. In
physiology, de novo purine synthesis plays a minor role in ECs in comparison to salvage
pathways [62]. However, it has been shown that a contribution of de novo synthesis be-
comes more efficient under pathophysiological conditions, such as occurs during acute
hypoxia [7]. It should be emphasized that the stimulated pathways of de novo nucleotide
synthesis take place at considerable energy cost, exhausting cellular energy reserves [63].
Therefore, to re-synthetize nucleotides under chronic hypoxia conditions, we supple-
mented ECs with adenine and ribose, key substrates for adenine nucleotide reutilization
pathway [63]. Consequently, both analyzed types of microvascular ECs represented higher
intracellular ATP concentrations after the treatment, which correlated with the improved
endothelial function. We demonstrated previously that adenine supply protected ECs and
cardiomyocytes from ATP loss caused by adenosine kinase (ADK) inhibition [64]. It has
been demonstrated that during hypoxia, ADK activity also decreases in ECs, shunting en-
dothelial adenosine from the salvage pathway to intravascular release [65]. This underlines
the importance of using adenine and ribose for the replenishment of ATP in ECs. However,
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as we have shown using human and porcine endothelial cells, adenosine released into the
extracellular space has a very short half-life due to its catabolism by eADA, which limits
its protective receptor effects [66]. Therefore, we proposed to inhibit adenosine to inosine
catabolism by 2′deoxycofromycin, a cell-penetrated inhibitor of both intracellular ADA
and cell-surface eADA [67]. Consequently, we observed that combined treatment with
adenine, ribose, and 2′deoxycoformycin led to increase in NO production under chronic
CoCl2 stimulation and this effect was reversed upon administration of the adenosine A1
receptor antagonist. We have previously shown that three adenosine receptor subtypes,
A1, A2a and A2b, are abundantly expressed in human endothelial cells [51]. Using specific
agonists and antagonists, we revealed that A1 and A2b receptor stimulation protected the
endothelium from triggering the inflammatory phenotype, to a similar extent as eADA
inhibition by dCF [51]. Such conclusions can also be drawn from this work, as using
porcine cells transfected with human E5NT, we revealed that the increased extracellular
adenosine concentration positively correlated with NO production by these cells. Although
after adenine, ribose and dCF treatment of HMEC-1 cells, we did not observe differences
in eNOS phosphorylation. Therefore, we assume that NO release stimulated via A1R
signaling is rather dependent on PLC/IP3/Ca2+ pathway, as we described on Figure 8, but
this aspect requires further investigation.
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Figure 8. Pathways of nucleotide and adenosine metabolism in endothelial cells under hypoxia.
The addition of adenine with ribose promotes both synthesis of adenine nucleotides and adenosine
production, while 2′deoxycoformycin (dCF), decreasing adenosine to inosine catabolism inside and
outside the cells, enhances the effect on adenosine receptor signaling. ATP, adenosine triphosphate;
ADP, adenosine diphosphate; AMP, adenosine monophosphate; Ado, adenosine; Ino, inosine; Hx,
hypoxanthine; APRT, adenine phosphoribosyltransferase; IMP, inosine monophosphate; PRPP, phos-
phoribosylpyrophosphate; SAH, S-adenosylhomocysteine hydrolase; Rib-1P, ribose-1-phosphate;
A1R, adenosine A1 receptor; ENTs, equilibrative nucleoside transporters, CUT2, carbohydrate
uptake transporter-2; Cx, connexins; Panx, pannexins; TCA cycle, tricarboxylic acid cycle; PLC,
phospholipase C; IP3, inositol 1,4,5-trisphosphate; DAG, diacylglycerol; PKC, phosphokinase C;
NO, nitric oxide; PKA, protein kinase A; Akt, serine/threonine protein kinase Akt. Created with
https://BioRender.com (accessed on 27 April 2022).

Summarizing, this study emphasized the importance of modulating intra- and extra-
cellular adenosine metabolism (Figure 8), which, together with replenishing its production
from nucleotides, is crucial for endothelial function and cardiovascular homeostasis.

5. Conclusions

Nucleotide precursor supplementation prevented pathological effects of hypoxia on
endothelial cells. This intervention corrected disrupted intracellular nucleotide status as
well as endothelial cell function. The protective effects of adenine and ribose on endothelial

https://BioRender.com
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cells were further targeted by adenosine deaminase inhibition, enhancing adenosine recep-
tor signaling. This highlights the benefit of pharmacological modifications that increase
the nucleotide pool in endothelial cells under disease conditions associated with chronic
oxygen deprivation.

6. Highlights

• CoCl2-mimicked hypoxia disrupted nucleotide pool and function in mouse and human
microvascular endothelial cells.

• The precursors for the reutilization pathway, adenine and ribose rescued the intracel-
lular nucleotide pool and increased nitric oxide production in CoCl2-treated endothe-
lium.

• The use of adenosine metabolism inhibitor, 2′deoxycoformycin, together with nu-
cleotide precursors, further improved endothelial function in CoCl2-mimicked hy-
poxia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10071540/s1, Figure S1: The effect of adenine and
ribose supplementation on intracellular nucleotide status in non-stimulated H5V cells.

Author Contributions: Conceptualization, B.K.-Z., A.K., E.M.S., R.G., and R.T.S.; methodology,
B.K.-Z., and A.K.; software, B.K.-Z. and A.K.; validation, B.K.-Z., and A.K.; formal analysis, B.K.-Z.,
and A.K.; investigation, B.K.-Z., A.K., A.B. and M.F.; data curation, B.K.-Z. and A.K.; writing—original
draft preparation, B.K.-Z. and A.K.; writing—review and editing, R.G. and R.T.S.; visualization,
B.K.-Z. and A.K.; supervision, B.K.-Z. and R.T.S.; project administration, B.K.-Z.; funding acquisition,
B.K.-Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Science Centre of Poland, grant number
2019/35/D/NZ3/03512 and the Polish Ministry of Science and Higher Education within “Excellence
Initiative—Research University” programme, grant number 664/256/61/71-1405. The APC was
funded by Polish Ministry of Science and Higher Education within “Excellence Initiative—Research
University” programme.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Abe, H.; Semba, H.; Takeda, N. The Roles of Hypoxia Signaling in the Pathogenesis of Cardiovascular Diseases. J. Atheroscler.

Thromb. 2017, 24, 884. [CrossRef] [PubMed]
2. McCarron, J.G.; Lee, M.D.; Wilson, C. The Endothelium Solves Problems That Endothelial Cells Do Not Know Exist. Trends

Pharmacol. Sci. 2017, 38, 322. [CrossRef] [PubMed]
3. Michiels, C.; Arnould, T.; Remacle, J. Endothelial Cell Responses to Hypoxia: Initiation of a Cascade of Cellular Interactions.

Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2000, 1497, 1–10. [CrossRef]
4. Bento, C.F.; Pereira, P. Regulation of Hypoxia-Inducible Factor 1 and the Loss of the Cellular Response to Hypoxia in Diabetes.

Diabetologia 2011, 54, 1946–1956. [CrossRef]
5. Takemoto, M.; Sun, J.; Hiroki, J.; Shimokawa, H.; Liao, J.K. Rho-Kinase Mediates Hypoxia-Induced Downregulation of Endothelial

Nitric Oxide Synthase. Circulation 2002, 106, 57–62. [CrossRef]
6. Faller, D.V. Endothelial Cell Responses to Hypoxic Stress. Clin. Exp. Pharmacol. Physiol. 1999, 26, 74–84. [CrossRef]
7. Losenkova, K.; Zuccarini, M.; Helenius, M.; Jacquemet, G.; Gerasimovskaya, E.; Tallgren, C.; Jalkanen, S.; Yegutkin, G.G.

Endothelial Cells Cope with Hypoxia-Induced Depletion of ATP via Activation of Cellular Purine Turnover and Phosphotransfer
Networks. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1804–1815. [CrossRef]

8. Huang, Z.; Xie, N.; Illes, P.; di Virgilio, F.; Ulrich, H.; Semyanov, A.; Verkhratsky, A.; Sperlagh, B.; Yu, S.G.; Huang, C.; et al. From
Purines to Purinergic Signalling: Molecular Functions and Human Diseases. Signal Transduct. Target. Ther. 2021, 6, 162. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines10071540/s1
https://www.mdpi.com/article/10.3390/biomedicines10071540/s1
http://doi.org/10.5551/jat.RV17009
http://www.ncbi.nlm.nih.gov/pubmed/28757538
http://doi.org/10.1016/j.tips.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28214012
http://doi.org/10.1016/S0167-4889(00)00041-0
http://doi.org/10.1007/s00125-011-2191-8
http://doi.org/10.1161/01.CIR.0000020682.73694.AB
http://doi.org/10.1046/j.1440-1681.1999.02992.x
http://doi.org/10.1016/j.bbadis.2018.03.001
http://doi.org/10.1038/s41392-021-00553-z


Biomedicines 2022, 10, 1540 16 of 18

9. Strassheim, D.; Verin, A.; Batori, R.; Nijmeh, H.; Burns, N.; Kovacs-Kasa, A.; Umapathy, N.S.; Kotamarthi, J.; Gokhale, Y.S.;
Karoor, V.; et al. P2Y Purinergic Receptors, Endothelial Dysfunction, and Cardiovascular Diseases. Int. J. Mol. Sci. 2020, 21, 6855.
[CrossRef]

10. Reiss, A.B.; Grossfeld, D.; Kasselman, L.J.; Renna, H.A.; Vernice, N.A.; Drewes, W.; Konig, J.; Carsons, S.E.; DeLeon, J. Adenosine
and the Cardiovascular System. Am. J. Cardiovasc. Drugs 2019, 19, 449. [CrossRef]

11. Zukowska, P.; Kutryb-Zajac, B.; Toczek, M.; Smolenski, R.T.; Slominska, E.M. The Role of Ecto-5′-Nucleotidase in Endothelial
Dysfunction and Vascular Pathologies. Pharmacol. Rep. 2015, 67, 675–681. [CrossRef] [PubMed]

12. Zimmermann, H.; Zebisch, M.; Strater, N. Cellular Function and Molecular Structure of Ecto-Nucleotidases. Purinergic Signal.
2012, 8, 437–502. [CrossRef] [PubMed]

13. Eltzschig, H.K.; Faigle, M.; Knapp, S.; Karhausen, J.; Ibla, J.; Rosenberger, P.; Odegard, K.C.; Laussen, P.C.; Thompson, L.F.;
Colgan, S.P. Endothelial Catabolism of Extracellular Adenosine during Hypoxia: The Role of Surface Adenosine Deaminase and
CD26. Blood 2006, 108, 1602–1610. [CrossRef] [PubMed]

14. Dengler, V.L.; Galbraith, M.D.; Espinosa, J.M. Transcriptional Regulation by Hypoxia Inducible Factors. Crit. Rev. Biochem. Mol.
Biol. 2014, 49, 1. [CrossRef]

15. Liu, Z.; Wu, Z.; Fan, Y.; Fang, Y. An Overview of Biological Research on Hypoxia-Inducible Factors (HIFs). Endokrynol. Pol. 2020,
71, 432–440. [CrossRef]

16. Ullah, K.; Wu, R. Hypoxia-Inducible Factor Regulates Endothelial Metabolism in Cardiovascular Disease. Front. Physiol. 2021,
12, 832. [CrossRef]
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Dąbrowski, M.; et al. Primary Endothelial Cell–Specific Regulation of Hypoxia-Inducible Factor (HIF)-1 and HIF-2 and Their
Target Gene Expression Profiles during Hypoxia. FASEB J. 2019, 33, 7929. [CrossRef]

18. Rinderknecht, H.; Ehnert, S.; Braun, B.; Histing, T.; Nussler, A.K.; Linnemann, C. The Art of Inducing Hypoxia. Oxygen 2021, 1,
46–61. [CrossRef]

19. De Giorgi, M.; Pelikant-Malecka, I.; Sielicka, A.; Slominska, E.M.; Giovannoni, R.; Cinti, A.; Cerrito, M.G.; Lavitrano, M.;
Smolenski, R.T. Functional Analysis of Expression of Human Ecto-Nucleoside Triphosphate Diphosphohydrolase-1 and/or
Ecto-5′-Nucleotidase in Pig Endothelial Cells. Nucleosides Nucleotides Nucleic Acids 2014, 33, 313–318. [CrossRef]

20. Smolenski, R.T.; Lachno, D.R.; Ledingham, S.J.M.; Yacoub, M.H. Determination of 16 Nucleotides, Nucleosides and Bases Using
High-Performance Liquid-Chromatography and Its Application to the Study of Purine Metabolism in Hearts for Transplantation.
J. Chromatogr.-Biomed. Appl. 1990, 527, 414–420. [CrossRef]

21. Pavlacky, J.; Polak, J. Technical Feasibility and Physiological Relevance of Hypoxic Cell Culture Models. Front. Endocrinol. 2020,
11, 57. [CrossRef] [PubMed]

22. De Bock, K.; Georgiadou, M.; Schoors, S.; Kuchnio, A.; Wong, B.W.; Cantelmo, A.R.; Quaegebeur, A.; Ghesquière, B.; Cauwen-
berghs, S.; Eelen, G.; et al. Role of PFKFB3-Driven Glycolysis in Vessel Sprouting. Cell 2013, 154, 651–653. [CrossRef] [PubMed]

23. Lapel, M.; Weston, P.; Strassheim, D.; Karoor, V.; Burns, N.; Lyubchenko, T.; Paucek, P.; Stenmark, K.R.; Gerasimovskaya, E.V.
Glycolysis and Oxidative Phosphorylation Are Essential for Purinergic Receptor-Mediated Angiogenic Responses in Vasa
Vasorum Endothelial Cells. Am. J. Physiol.-Cell Physiol. 2017, 312, C56–C70. [CrossRef]

24. Culic, O.; Gruwel, M.L.H.; Schrader, J. Energy Turnover of Vascular Endothelial Cells. Am. J. Physiol. 1997, 273, C205–C213.
[CrossRef] [PubMed]

25. Coutelle, O.; Hornig-Do, H.T.; Witt, A.; Andree, M.; Schiffmann, L.M.; Piekarek, M.; Brinkmann, K.; Seeger, J.M.; Liwschitz, M.;
Miwa, S.; et al. Embelin Inhibits Endothelial Mitochondrial Respiration and Impairs Neoangiogenesis during Tumor Growth and
Wound Healing. EMBO Mol. Med. 2014, 6, 624–639. [CrossRef] [PubMed]

26. Xiao, W.; Oldham, W.M.; Priolo, C.; Pandey, A.K.; Loscalzo, J. Immunometabolic Endothelial Phenotypes: Integrating Inflamma-
tion and Glucose Metabolism. Circ. Res. 2021, 129, 9–29. [CrossRef]

27. Fitzgerald, G.; Soro-Arnaiz, I.; de Bock, K. The Warburg Effect in Endothelial Cells and Its Potential as an Anti-Angiogenic Target
in Cancer. Front. Cell Dev. Biol. 2018, 6, 100. [CrossRef]

28. Kim, J.W.; Tchernyshyov, I.; Semenza, G.L.; Dang, C.V. HIF-1-Mediated Expression of Pyruvate Dehydrogenase Kinase: A
Metabolic Switch Required for Cellular Adaptation to Hypoxia. Cell Metab. 2006, 3, 177–185. [CrossRef]

29. Bierhansl, L.; Conradi, L.C.; Treps, L.; Dewerchin, M.; Carmeliet, P. Central Role of Metabolism in Endothelial Cell Function and
Vascular Disease. Physiology 2017, 32, 126. [CrossRef]

30. De Bock, K.; Georgiadou, M.; Carmeliet, P. Role of Endothelial Cell Metabolism in Vessel Sprouting. Cell Metab. 2013, 18, 634–647.
[CrossRef]

31. Sun, H.J.; Wu, Z.Y.; Nie, X.W.; Bian, J.S. Role of Endothelial Dysfunction in Cardiovascular Diseases: The Link between
Inflammation and Hydrogen Sulfide. Front. Pharmacol. 2020, 10, 1568. [CrossRef] [PubMed]

32. Heiss, C.; Rodriguez-Mateos, A.; Kelm, M. Central Role of ENOS in the Maintenance of Endothelial Homeostasis. Antioxid. Redox
Signal. 2015, 22, 1230. [CrossRef] [PubMed]

33. Ungvari, Z.; Sun, D.; Huang, A.; Kaley, G.; Koller, A. Role of Endothelial [Ca2+]i in Activation of ENOS in Pressurized Arterioles
by Agonists and Wall Shear Stress. Am. J. Physiol. Heart Circ. Physiol. 2001, 281, H606–H612. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21186855
http://doi.org/10.1007/s40256-019-00345-5
http://doi.org/10.1016/j.pharep.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26321267
http://doi.org/10.1007/s11302-012-9309-4
http://www.ncbi.nlm.nih.gov/pubmed/22555564
http://doi.org/10.1182/blood-2006-02-001016
http://www.ncbi.nlm.nih.gov/pubmed/16670267
http://doi.org/10.3109/10409238.2013.838205
http://doi.org/10.5603/EP.a2020.0064
http://doi.org/10.3389/fphys.2021.670653
http://doi.org/10.1096/fj.201802650RR
http://doi.org/10.3390/oxygen1010006
http://doi.org/10.1080/15257770.2014.896466
http://doi.org/10.1016/S0378-4347(00)82125-8
http://doi.org/10.3389/fendo.2020.00057
http://www.ncbi.nlm.nih.gov/pubmed/32153502
http://doi.org/10.1016/j.cell.2013.06.037
http://www.ncbi.nlm.nih.gov/pubmed/23911327
http://doi.org/10.1152/ajpcell.00250.2016
http://doi.org/10.1152/ajpcell.1997.273.1.C205
http://www.ncbi.nlm.nih.gov/pubmed/9252458
http://doi.org/10.1002/emmm.201303016
http://www.ncbi.nlm.nih.gov/pubmed/24648500
http://doi.org/10.1161/CIRCRESAHA.120.318805
http://doi.org/10.3389/fcell.2018.00100
http://doi.org/10.1016/j.cmet.2006.02.002
http://doi.org/10.1152/physiol.00031.2016
http://doi.org/10.1016/j.cmet.2013.08.001
http://doi.org/10.3389/fphar.2019.01568
http://www.ncbi.nlm.nih.gov/pubmed/32038245
http://doi.org/10.1089/ars.2014.6158
http://www.ncbi.nlm.nih.gov/pubmed/25330054
http://doi.org/10.1152/ajpheart.2001.281.2.H606
http://www.ncbi.nlm.nih.gov/pubmed/11454563


Biomedicines 2022, 10, 1540 17 of 18

34. Abou-Saleh, H.; Pathan, A.R.; Daalis, A.; Hubrack, S.; Abou-Jassoum, H.; Al-Naeimi, H.; Rusch, N.J.; Machaca, K. Inositol
1,4,5-Trisphosphate (IP3) Receptor up-Regulation in Hypertension Is Associated with Sensitization of Ca2+ Release and Vascular
Smooth Muscle Contractility. J. Biol. Chem. 2013, 288, 32941–32951. [CrossRef]

35. Wilson, C.; Zhang, X.; Buckley, C.; Heathcote, H.R.; Lee, M.D.; McCarron, J.G. Increased Vascular Contractility in Hypertension
Results From Impaired Endothelial Calcium Signaling. Hypertension 2019, 74, 1200–1214. [CrossRef]

36. Wilson, C.; Lee, M.D.; Heathcote, H.R.; Zhang, X.; Buckley, C.; Girkin, J.M.; Saunter, C.D.; McCarron, J.G. Mitochondrial ATP
Production Provides Long-Range Control of Endothelial Inositol Trisphosphate–Evoked Calcium Signaling. J. Biol. Chem. 2019,
294, 737. [CrossRef]

37. Higashi, K.; Ogawara, H. ATP-Dependent Regulation of Phospholipase C in Permeabilized 3T3 Cells. FEBS Lett. 1990, 267, 51–54.
[CrossRef]

38. Suh, B.C.; Hille, B. Recovery from Muscarinic Modulation of M Current Channels Requires Phosphatidylinositol 4,5-Bisphosphate
Synthesis. Neuron 2002, 35, 507–520. [CrossRef]

39. Bezprozvanny, I.; Ehrlich, B.E. ATP Modulates the Function of Inositol 1,4,5-Trisphosphate-Gated Channels at Two Sites. Neuron
1993, 10, 1175–1184. [CrossRef]

40. Hampl, V.; Cornfield, D.; Cowan, N.; Archer, S. Hypoxia Potentiates Nitric Oxide Synthesis and Transiently Increases Cytosolic
Calcium Levels in Pulmonary Artery Endothelial Cells. Eur. Respir. J. 1995, 8, 515–522. [PubMed]

41. Chen, J.X.; Meyrick, B. Hypoxia Increases Hsp90 Binding to ENOS via PI3K-Akt in Porcine Coronary Artery Endothelium. Lab.
Investig. 2003, 84, 182–190. [CrossRef] [PubMed]

42. Haga, N.; Fujita, N.; Tsuruo, T. Mitochondrial Aggregation Precedes Cytochrome c Release from Mitochondria during Apoptosis.
Oncogene 2003, 22, 5579–5585. [CrossRef] [PubMed]

43. Lim To, W.K.; Kumar, P.; Marshall, J.M. Hypoxia Is an Effective Stimulus for Vesicular Release of ATP from Human Umbilical
Vein Endothelial Cells. Placenta 2015, 36, 759–766. [CrossRef] [PubMed]

44. Yegutkin, G.G. Nucleotide- and Nucleoside-Converting Ectoenzymes: Important Modulators of Purinergic Signalling Cascade.
Biochim. Biophys. Acta-Mol. Cell Res. 2008, 1783, 673–694. [CrossRef]

45. Atkinson, B.; Dwyer, K.; Enjyoji, K.; Robson, S.C. Ecto-Nucleotidases of the CD39/NTPDase Family Modulate Platelet Activation
and Thrombus Formation: Potential as Therapeutic Targets. Blood Cells Mol. Dis. 2006, 36, 217–222. [CrossRef]

46. Thompson, L.F.; Eltzschig, H.K.; Ibla, J.C.; van de Wiele, C.J.; Resta, R.; Morote-Garcia, J.C.; Colgan, S.P. Crucial Role for
Ecto-5’-Nucleotidase (CD73) in Vascular Leakage during Hypoxia. J. Exp. Med. 2004, 200, 1395–1405. [CrossRef]

47. Eltzschig, H.K.; Köhler, D.; Eckle, T.; Kong, T.; Robson, S.C.; Colgan, S.P. Central Role of Sp1-Regulated CD39 in Hypoxia/Ischemia
Protection. Blood 2009, 113, 224–232. [CrossRef]

48. Synnestvedt, K.; Furuta, G.T.; Comerford, K.M.; Louis, N.; Karhausen, J.; Eltzschig, H.K.; Hansen, K.R.; Thompson, L.F.;
Colgan, S.P. Ecto-5′-Nucleotidase (CD73) Regulation by Hypoxia-Inducible Factor-1 Mediates Permeability Changes in Intestinal
Epithelia. J. Clin. Investig. 2002, 110, 993. [CrossRef]

49. Kutryb-Zajac, B.; Mierzejewska, P.; Sucajtys-Szulc, E.; Bulinska, A.; Zabielska, M.A.; Jablonska, P.; Serocki, M.; Koszalka, P.;
Milczarek, R.; Jasztal, A.; et al. Inhibition of LPS-Stimulated Ecto-Adenosine Deaminase Attenuates Endothelial Cell Activation. J.
Mol. Cell. Cardiol. 2019, 128, 62–67. [CrossRef]

50. Pastor-Anglada, M.; Pérez-Torras, S. Who Is Who in Adenosine Transport. Front. Pharmacol. 2018, 9, 627. [CrossRef]
51. Rubanyi, G.M. Endothelium-derived Relaxing and Contracting Factors. J. Cell. Biochem. 1991, 46, 27–36. [CrossRef] [PubMed]
52. Sands, W.A.; Palmer, T.M. Adenosine Receptors and the Control of Endothelial Cell Function in Inflammatory Disease. Immunol.

Lett. 2005, 101, 1–11. [CrossRef] [PubMed]
53. Csiszar, A.; Labinskyy, N.; Pinto, J.T.; Ballabh, P.; Zhang, H.; Losonczy, G.; Pearson, K.; de Cabo, R.; Pacher, P.; Zhang, C.; et al.

Resveratrol Induces Mitochondrial Biogenesis in Endothelial Cells. Am. J. Physiol.-Heart Circ. Physiol. 2009, 297, 13–20. [CrossRef]
[PubMed]

54. Zhang, B.; Pan, C.; Feng, C.; Yan, C.; Yu, Y.; Chen, Z.; Guo, C.; Wang, X. Role of Mitochondrial Reactive Oxygen Species in
Homeostasis Regulation. Redox Rep. Commun. Free. Radic. Res. 2022, 27, 45. [CrossRef] [PubMed]

55. Tang, X.; Luo, Y.X.; Chen, H.Z.; Liu, D.P. Mitochondria, Endothelial Cell Function, and Vascular Diseases. Front. Physiol. 2014,
5, 175. [CrossRef]

56. Sena, L.A.; Chandel, N.S. Physiological Roles of Mitochondrial Reactive Oxygen Species. Mol. Cell 2012, 48, 158. [CrossRef]
57. Giacco, F.; Brownlee, M. Oxidative Stress and Diabetic Complications. Circ. Res. 2010, 107, 1058. [CrossRef]
58. Łuczak, A.; Madej, M.; Kasprzyk, A.; Doroszko, A. Role of the ENOS Uncoupling and the Nitric Oxide Metabolic Pathway in the

Pathogenesis of Autoimmune Rheumatic Diseases. Oxidative Med. Cell. Longev. 2020, 2020, 1417981. [CrossRef]
59. Li, H.; Förstermann, U. Uncoupling of Endothelial NO Synthase in Atherosclerosis and Vascular Disease. Curr. Opin. Pharmacol.

2013, 13, 161–167. [CrossRef]
60. Bonora, M.; Patergnani, S.; Rimessi, A.; de Marchi, E.; Suski, J.M.; Bononi, A.; Giorgi, C.; Marchi, S.; Missiroli, S.; Poletti, F.; et al.

ATP Synthesis and Storage. Purinergic Signal. 2012, 8, 343. [CrossRef]
61. Des Rosiers, C.; Nees, S.; Gerlach, E. Purine Metabolism in Cultured Aortic and Coronary Endothelial Cells. Biochem. Cell Biol.

2011, 67, 8–15. [CrossRef]
62. Moffatt, B.A.; Ashihara, H. Purine and Pyrimidine Nucleotide Synthesis and Metabolism. Arab. Book/Am. Soc. Plant Biol. 2002,

1, e0018. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M113.496802
http://doi.org/10.1161/HYPERTENSIONAHA.119.13791
http://doi.org/10.1074/jbc.RA118.005913
http://doi.org/10.1016/0014-5793(90)80285-Q
http://doi.org/10.1016/S0896-6273(02)00790-0
http://doi.org/10.1016/0896-6273(93)90065-Y
http://www.ncbi.nlm.nih.gov/pubmed/7664847
http://doi.org/10.1038/labinvest.3700027
http://www.ncbi.nlm.nih.gov/pubmed/14661033
http://doi.org/10.1038/sj.onc.1206576
http://www.ncbi.nlm.nih.gov/pubmed/12944905
http://doi.org/10.1016/j.placenta.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25956988
http://doi.org/10.1016/j.bbamcr.2008.01.024
http://doi.org/10.1016/j.bcmd.2005.12.025
http://doi.org/10.1084/jem.20040915
http://doi.org/10.1182/blood-2008-06-165746
http://doi.org/10.1172/JCI0215337
http://doi.org/10.1016/j.yjmcc.2019.01.004
http://doi.org/10.3389/fphar.2018.00627
http://doi.org/10.1002/jcb.240460106
http://www.ncbi.nlm.nih.gov/pubmed/1874796
http://doi.org/10.1016/j.imlet.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15878624
http://doi.org/10.1152/ajpheart.00368.2009
http://www.ncbi.nlm.nih.gov/pubmed/19429820
http://doi.org/10.1080/13510002.2022.2046423
http://www.ncbi.nlm.nih.gov/pubmed/35213291
http://doi.org/10.3389/fphys.2014.00175
http://doi.org/10.1016/j.molcel.2012.09.025
http://doi.org/10.1161/CIRCRESAHA.110.223545
http://doi.org/10.1155/2020/1417981
http://doi.org/10.1016/j.coph.2013.01.006
http://doi.org/10.1007/s11302-012-9305-8
http://doi.org/10.1139/o89-002
http://doi.org/10.1199/tab.0018
http://www.ncbi.nlm.nih.gov/pubmed/22303196


Biomedicines 2022, 10, 1540 18 of 18

63. Smolenski, R.T.; Kalsi, K.K.; Zych, M.; Kochan, Z.; Yacoub, M.H. Adenine/Ribose Supply Increases Adenosine Production and
Protects ATP Pool in Adenosine Kinase-Inhibited Cardiac Cells. J. Mol. Cell. Cardiol. 1998, 30, 673–683. [CrossRef] [PubMed]

64. Xu, Y.; Wang, Y.; Yan, S.; Zhou, Y.; Yang, Q.; Pan, Y.; Zeng, X.; An, X.; Liu, Z.; Wang, L.; et al. Intracellular Adenosine Regulates
Epigenetic Programming in Endothelial Cells to Promote Angiogenesis. EMBO Mol. Med. 2017, 9, 1263–1278. [CrossRef]
[PubMed]

65. Franco, R.; Casadó, V.; Ciruela, F.; Saura, C.; Mallol, J.; Canela, E.I.; Lluis, C. Cell Surface Adenosine Deaminase: Much More than
an Ectoenzyme. Prog. Neurobiol. 1997, 52, 283–294. [CrossRef]

66. Kutryb-Zajac, B.; Koszalka, P.; Mierzejewska, P.; Bulinska, A.; Zabielska, M.A.; Brodzik, K.; Skrzypkowska, A.; Zelazek, L.;
Pelikant-Malecka, I.; Slominska, E.M.; et al. Adenosine Deaminase Inhibition Suppresses Progression of 4T1 Murine Breast
Cancer by Adenosine Receptor-Dependent Mechanisms. J. Cell. Mol. Med. 2018, 22, 5939–5954. [CrossRef] [PubMed]

67. Kutryb-Zajac, B.; Mateuszuk, L.; Zukowska, P.; Jasztal, A.; Zabielska, M.A.; Toczek, M.; Jablonska, P.; Zakrzewska, A.; Sitek, B.;
Rogowski, J.; et al. Increased Activity of Vascular Adenosine Deaminase in Atherosclerosis and Therapeutic Potential of Its
Inhibition. Cardiovasc. Res. 2016, 112, 590–605. [CrossRef]

http://doi.org/10.1006/jmcc.1997.0635
http://www.ncbi.nlm.nih.gov/pubmed/9515042
http://doi.org/10.15252/emmm.201607066
http://www.ncbi.nlm.nih.gov/pubmed/28751580
http://doi.org/10.1016/S0301-0082(97)00013-0
http://doi.org/10.1111/jcmm.13864
http://www.ncbi.nlm.nih.gov/pubmed/30291675
http://doi.org/10.1093/cvr/cvw203

	Introduction 
	Materials and Methods 
	Cell Culture and Treatment 
	Quantification of Nucleotide and Their Catabolites Concentration Using RP-HPLC 
	Quantification of HIF1a Concentration in Cell Lysates 
	Quantification of Total Nitric Oxide, NO2- and NO3- Concentration in Cell Culture Medium 
	Quantification of Cell Protein Content 
	Measurement of the Extracellular ATP and AMP Hydrolysis, and Adenosine Deamination 
	Immunofluorescence Staining 
	Mitochondrial Function Analysis 
	Statistical Analysis 

	Results 
	Induction of Hypoxia-Mimic Conditions in Murine Cell Line H5V 
	Effects of Adenine and Ribose Supplementation on CoCl2-Treated Murine Cell Line H5V 
	Induction of Hypoxia-Mimic Conditions in Human Cell Line HMEC-1 
	Effects of Adenine and Ribose Supplementation on CoCl2-Treated Human Cell Line HMEC-1 
	Effects of Nucleotide Precursors and Adenosine Deaminase Inhibition on CoCl2-Treated Human Cell Line HMEC-1 

	Discussion 
	Conclusions 
	Highlights 
	References

