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Hypoxia-induced endothelial dysfunction is known to be involved in the
pathogenesis of several vascular diseases. However, it remains unclear
whether the pentose phosphate pathway (PPP) is involved in regulating the
response of endothelial cells to hypoxia. Here, we established an in vitro
model by treating EA.hy926 (a hybrid human umbilical vein cell line) with
cobalt chloride (CoCl,; a chemical mimic that stabilizes HIF-1a, thereby
leading to the development of hypoxia), and used this to investigate the
involvement of PPP by examining expression of its key enzyme, glucose-6-
phosphate dehydrogenase (G6PD). We report that CoCl, induces the accu-
mulation of HIF-1a, leading to endothelial cell dysfunction characterized by
reduced cell viability, proliferation, tube formation, and activation of cyto-
kine production, accompanied with a significant decrease in G6PD expres-
sion and activity. The addition of 6-aminonicotinamide (6-AN) to inhibit
PPP directly causes endothelial dysfunction. Additionally, N-Acetylcysteine
(NAC), a precursor of glutathione, was further evaluated for its protective
effects; NAC displayed a protective effect against CoCl,-induced cell damage
by enhancing G6PD activity, and this was abrogated by 6-AN. The effects
of CoCl, and the involvement of G6PD in endothelial dysfunction have been
confirmed in primary human aortic endothelial cells. In summary, G6PD
was identified as a novel target of CoCl,-induced damage, which highlighted
the involvement of PPP in regulating the response of endothelial cell CoCl,.
Treatment with NAC may be a potential strategy to treat hypoxia or ische-
mia, which are widely observed in vascular diseases.

Blood vessels play a fundamental role in the transport
of oxygen and nutrients to all tissues in the body.
Hypoxia or ischemia is widely observed in vascular issues,
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such as diabetic vascular complications, obstructive sleep
apnea, pulmonary hypertension, and myocardial ischemia
reperfusion injury (I/RI) [1-3]. As the key component of

6-AN, 6-aminonicotinamide; ALEs, advanced lipoxidation end products; CAT, catalase; CoCl,, cobalt chloride; G6PD, glucose-6-phosphate
dehydrogenase; GPX1, glutathione peroxidase 1; GSR, glutathione-disulfide reductase; GSS, glutathione synthetase; HIF-1, hypoxia-inducible
factor-1; HO-1, heme oxygenase 1; I/RI, ischemia reperfusion injury; NAC, N-Acetylcysteine; NQO1, NAD(P)H quinone dehydrogenase 1,
PDR, proliferative diabetic retinopathy; PHD, prolyl hydroxylases; PPP, pentose phosphate pathway; SOD1, superoxide dismutase 1; SOD2,
superoxide dismutase 2; VHL, von Hippel-Lindau; VSMC, vascular smooth muscle cells.
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NAC-enhanced G6PD activity in endothelial cells

vasculatures, endothelial cells line in the internal lumen of
vessels and directly come in contact with vascular smooth
muscle cells (VSMCs) or pericytes to form a barrier
between circulating blood and tissues and regulate vessel
functions. Thus, endothelial cells are directly exposed to
oxygen changes in tissues during development processes
or diseases, which may disturb cell viability, proliferation,
tube-forming capacity, and barrier integrity. In addition,
increasing evidences have revealed that hypoxia can
rapidly activate endothelial cells to release inflammatory
cytokines, further exacerbating the pathogenesis of
hypoxic tissues [4-8]. Therefore, it is important to identify
the common mechanisms of hypoxia-induced endothelial
dysfunction for therapeutic purposes.

The pentose phosphate pathway (PPP) is a meta-
bolic pathway, parallel to glycolysis, that metabolizes
glucose into NADPH and ribose 5-phosphate to main-
tain redox balance and nucleotide synthesis, respec-
tively [9-12]. Glucose-6-phosphate dehydrogenase
(G6PD) is the first rate-limiting enzyme of PPP that
convert glucose-6-phosphate into 6-
phosphogluconolactone. G6PD deficiency is the most
common enzyme deficiency in humans affecting over
400 million people worldwide [13]. Recent evidences
have revealed the role of G6PD and PPP in regulating
endothelial cells [14-17]. However, limited studies have
revealed the correlation between G6PD deficiency and
hypoxia-induced endothelial dysfunction [18-20].

N-Acetylcysteine (NAC) functions as a precursor of
glutathione and a scavenger of free radicals [21]. Its
anti-inflammatory property in the context of noxious
stimulus has been well demonstrated [22-25]. Increas-
ing evidences reported protective effects of NAC on
endothelial cells. NAC treatment ameliorated diabetic
retinopathy by reducing retinal pericyte loss, macro-
phage activation, lipid peroxidation, and scavenging
ROS in high glucose-treated bovine retinal vascular
endothelial cells [26-29] NAC can attenuate systemic
platelet activation and cerebral vessel thrombosis in
diabetes by increasing GSH level [30]. The capacity of
NAC to accelerate the healing of amputation stump in
diabetes and ischemia has also been reported, further
implying the potential of NAC against hypoxia [31].
Furthermore, G6PD activity in gastric ulcers [25] and
erythrocytes in lead-exposed populations could be res-
cued by NAC treatment [32], indicating a correlation
between G6PD and NAC. As a GSH precursor, NAC
may replenish the lack of GSH caused by G6PD defi-
ciency. Therefore, it is important to determine whether
NAC treatment could compensate for any cell damage
caused by G6PD deficiency as a therapeutic approach.

Therefore, in this study, we used the hypoxia-
mimetic agent cobalt chloride (CoCly) to better
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elucidate mechanisms mediating endothelial dysfunc-
tion in the hypoxia-related vascular diseases. Hypoxia-
inducible factor-1 (HIF-1) plays a crucial role in the
adaptation of cells to hypoxia. Under normoxia, HIF-
1o modified by prolyl hydroxylases (PHD) can bind to
the tumor suppressor von Hippel-Lindau (VHL) pro-
tein and be subsequently degraded by the proteasome.
In the absence of oxygen, prolyl hydroxylation is
blocked, so CoCl, can stabilize HIF to mimic hypoxia
by binding to the iron-binding domain of HIF hydrox-
ylase to prevent hydroxylation [33]. Thus, the involve-
ment of G6PD and the protective effect of NAC on
endothelial cells were further determined in the pres-
ence or absence of CoCl, treatment. In summary, we
identified G6PD as a novel molecular target in both
arterial and venous endothelial cells treated with
CoCl,. Moreover, the therapeutic potential of NAC to
attenuate hypoxia-induced vasculature lesions was
indicated which could be mediated via an increase in
GOPD activity.

Results

Treatment with CoCl, caused endothelial
dysfunction

A hybrid human vein endothelial cell line, EA.hy 926,
was first exposed to CoCl, treatment to establish an
in vitro model that mimiced the hypoxic microenviron-
ment. HIF-1a accumulation was measured to confirm
the hypoxic effect, which was further supported by lac-
tate accumulation (Fig. 1A,B). CoCl, treatment signifi-
cantly reduced the cell viability in a time-dependent
manner (Fig. 1C). Simultaneously, reduced cell prolif-
eration (Fig. ID,E) and tube-forming capacities
(Fig. 1F,G) were observed after 48 h of CoCl, treat-
ment. Furthermore, the expression of classical inflam-
matory factors (IL-1B, IL-6, ICAM-1) and the pro-
angiogenic factor VEGF were significantly increased in
endothelial cells upon exposure to CoCl, (Fig. 1H-K).
Therefore, these results suggest that CoCl,-induced
hypoxic effect can cause endothelial cell dysfunction
by reducing cell viability, proliferation, tube forma-
tion, and inducing cytokine secretion.

Treatment with CoCl, inhibited G6PD expression
and activity

To determine the involvement of G6PD, we measured
GO6PD expression and activity in endothelial cells
exposed to hypoxia. It was noted that G6PD expres-
sion was time-dependently inhibited upon CoCl, treat-
ment, as quantified (Fig. 2A,B). Subsequently, both
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Fig. 1. Treatment with CoCl, caused endothelial dysfunction. (A,B) EA.hy926 endothelial cells treated with CoCl, (400 pm) showed
accumulation of HIF-1a (120 kD) and lactate production; (C) cell viability was measured with CCK-8 assay; (D,E) EdU assay was applied to evalu-
ate the proliferation ability of endothelial cells upon CoCl, treatment for 48 h at 400 pm. Scale bars = 200 um; (F,G) Matrigel assay was applied
to evaluate the tube formation capacity of endothelial cells upon 400 uv CoCl, treatment for 48 h (right panel) compared to control group (left
panel). Scale bars = 200 um; (H-K) Real-time PCR was applied to measure gene expression of VEGF, IL-1B, IL-6, ICAM-1 in EA.hy926 cells stim-
ulated with 400 pm CoCl, for 48 h. Data are expressed as mean + SEM of independent experiments (n > 3). Student's ttest or One-way
ANOVA test followed by Tukey's multiple comparison test was used. *P < 0.05, **P < 0.01, and ***P < 0.001 vs control group.

G6PD enzyme activity and the ratio of NADPH/
NADP" significantly reduced in endothelial cells trea-
ted with CoCl, for 48 h (Fig. 2C,D). The decreased
GO6PD expression in EA.hy926 cell upon exposure to
CoCl, was further supported by low oxygen (1%)
stimulation for 24 and 48 h, comparable to CoCl,
treatment (Fig. 2E). In summary, these results suggest
that G6PD expression and activity in EA.hy926 cells
were attenuated by hypoxic stimulation induced by
CoCl,.

Pentose phosphate pathway is involved in
endothelial dysfunction

To determine whether G6PD-mediated PPP is directly
involved in causing endothelial damage, 6-AN, a speci-
fic PPP inhibitor, was applied in this study to abrogate
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GO6PD activity. 6-AN was observed to inhibit endothe-
lial cell viability in a dose- and time-dependent manner
(Fig. 3A,B). The ability of 6-AN to inhibit G6PD
activity was further confirmed at a dose of 50 pum
(Fig. 3C). Consistently, cell proliferation was reduced
upon 6-AN treatment at the dose of 50 pum time-
dependently (Fig. 3D,E). Tube formation capacity
determined by cell proliferation, survival, and migra-
tion abilities, was also abrogated by 6-AN treatment
for 48 h (Fig. 3F,G). Furthermore, the expression of
angiogenic and inflammatory factors including VEGF,
IL-1B, IL-6, and ICAM-1, was directly activated by 6-
AN to inhibit G6PD activity and PPP (Fig. 3H-K). In
summary, the results suggest that PPP inhibition by 6-
AN may cause endothelial dysfunction by hampering
cell viability, proliferation, tube formation, and activa-
tion of inflammatory/angiogenic factors.
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Fig. 2. Treatment with CoCl, inhibited G6PD expression and activity. (A,B) Treatment of EA.hy926 cells with CoCl, at 400 pm time-
dependently inhibited G6PD (58 kD) expression; (C,D) GEPD activity, and products were inhibited by CoCl, (400 pm) treatment for 48 h as
determined by G6PD activity Assay kit and NADP/NADPH Assay kit; (E) Low oxygen (1%) stimulation for 24 and 48 h inhibited G6PD
expression in EA.hy926 cell line, which was comparable to CoCl, treatment at 400 um. Data are expressed as mean + SEM of independent
experiments (n > 3). Student’s t-test was used. *P < 0.05 vs control group.

NAC ameliorated CoCl,-induced endothelial cell
dysfunction and enhanced G6PD activity

Following the identification of G6PD as a candidate
for CoCl,-induced endothelial dysfunction, we iden-
tified known chemicals that may ameliorate G6PD
deficiency for therapeutic purposes. Based on previ-
ous studies that revealed the positive effect of NAC
on G6PD activity and its replenish effect on GSH,
we performed experiments to determine whether
NAC could affect G6PD expression or activity.
NAC pretreatment was applied prior to CoCl, stim-
ulation, and the endothelial cell viability, prolifera-
tion, tube formation capacity, and expression of
inflammatory/angiogenic factors with or without
CoCl, treatment were measured. Exposure to CoCl,
for 48 h significantly reduced cell proliferation, via-
bility, and tube forming, which was efficiently res-
cued by NAC pretreatment (Fig. 4A—E). In addition,
CoCl,-mediated upregulation of VEGF, IL-1p, IL-6,
and ICAM-1 was also significantly abrogated by
NAC (Fig. 4F-I). Notably, NAC had little effect on
the expression of G6PD (Fig. 4J,K); however, it sig-
nificantly rescued the G6PD activity after CoCl,-
incued reduction (Fig. 4L). In summary, these data
suggest that NAC could ameliorate CoCl,-induced
cell damage, which may be dependent on enhanced
G6PD activity.
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Protective effects of NAC against CoCl,_induced
cell damage is pentose phosphate pathway
dependent

Based on the rescue effect of NAC on G6PD activity, we
further treated cells with NAC in the presence or absence
of 6-AN to confirm whether the protective effect of NAC
was PPP dependent. As expected, 6-AN significantly
reduced the protective effect of NAC against CoCl,-
induced endothelial dysfunction, including cell viability,
proliferation, and tube formation capacity (Fig. SA-E).
Furthermore, the inhibitory effect of NAC on CoCl,-
induced pro-inflammatory/adhesion cytokine secretion
was further attenuated by 6-AN treatment (Fig. SF-I). In
addition to the EA.hy926 cell line, we also used primary
human aortic endothelial cells (HAECs) to confirm the
protective effects of NAC against CoCl, treatment and
involvement of PPP. Consistent with vein endothelial
cells, CoCl, treatment significantly reduced HAEC viabil-
ity, proliferation, and tube formation capacities
(Fig. SIA-E). Cytokines, including VEGF, IL-1p, IL-6,
and ICAM-1, were significantly upregulated (Fig. S1F-I).
NAC ameliorated CoCl,-induced the arterial endothelial
dysfunction. Further addition of 6-AN blunted the pro-
tective effects of NAC against CoCl,. In summary, these
results suggest that G6PD activity and PPP mediates the
protective effect of NAC in both venous and arterial
endothelial cells against CoCl, treatment.
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Fig. 3. Pentose phosphate pathway is involved in endothelial dysfunction. (A,B) Addition of 6-AN to EA.hy 926 cells time- and dose-
dependently decreased cells viability according to CCK-8 assay; (C) Addition of 6-AN at 50 pm for 48 h inhibited G6PD activity as measured by
G6PD activity assay kit; (D,E) Addition of 6-AN at 50 pm for 24 or 48 h inhibited cell proliferation according to EdU assay. Scale bars = 200 pm;
(F and G) Addition of 6-AN at 50 pum for 48 h inhibited tube formation. Scale bars = 200 um; (H-K) Treatment with 6-AN at 50 pum for 48 h
induced activation of VEGF, IL-1B, IL-6, ICAM-1, respectively. Data are expressed as mean = SEM of independent experiments (n > 3). Stu-
dent's ttest or One-way ANOVA test followed by Tukey's multiple comparison test was used. *P < 0.05 vs control group.

Phenotypic changes induced in vascular smooth phenotye characterized by increased proliferation,

muscle cells upon exposure to conditional medium
from CoCl,-treated endothelial cells is ameliorated
by NAC and is pentose phosphate pathway
dependent

Endothelial cells directly contact with VSMCs or peri-
cytes to form barrier and regulate vessel functions. In
response to external stimulus, VSMCs undergo a phe-
notypic change from a quiescent to a proliferative

FEBS Open Bio 12 (2022) 1475-1488 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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migration, and secretion of pro-inflammatory cytoki-
nes accompanied with increased expression of IL-6,
iNOS, and MMP?9.

Furthermore, in this study, we evaluated how
VSMCs respond to cytokines secreted by CoCl,-
treated endothelial cells. Compared to VSMCs cul-
tured in fresh medium supplemented with CoCl,,
NAC, or 6-AN (control panel), VSMCs cultured in a
conditioned medium from HAECs treated with CoCl,,
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Fig. 4. NAC ameliorated CoCl, induced endothelial cell dysfunction. (A-E) Cell viability, proliferation, and tube formation capacity were
measured by CCK-8 assay, EdU assay, and matrigel tube formation in EA.hy926 cells stimulated with 400 um CoCl, for 48 h in the presence
or absence of NAC (10 mwm) pretreatment for 1 h, respectively. Scale bars = 200 um; (F-I) Real-time PCR was applied to measure gene
expression of VEGF, IL-1B, IL-6, and ICAM-1 in EA.hy926 cells stimulated with 400 um CoCl, for 48 h pretreated with or without NAC
(10 mm) for 1 h; (J,K) Pretreatment with NAC at 10 mm for 1 h did not rescue decreased G6PD protein level caused by 400 pum CoCl, for
48 h; (L) Reduced G6PD activity by treatment of 400 um CoCl, for 48 h was efficiently rescued by pretreatment with NAC at 10 mm for 1 h.
Data are expressed as mean + SEM of independent experiments (n > 3). Student’'s ttest or One-way ANOVA test followed by Tukey's
multiple comparison test was used. *P < 0.05 vs control group; #P < 0.05 vs CoCl, group.
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dent experiments (n > 3). Student’s ttest or One-way ANOVA test followed by Tukey's multiple comparison test was used. *P < 0.05 vs
control group, #P < 0.05 vs CoCl, group, &P < 0.05 vs NAC + CoCl, group.

NAC, or 6-AN (CM panel) expressed higher levels of
IL-6, iNOS, and MMP9 (Fig. 6A—C). Moreover, com-
pared to VSMCs cultured in a conditioned medium
from HAECs with no further addition of CoCl,,
NAC, or 6-AN, VSMCs cultured in a conditioned
medium from CoCl,-treated HAECs exhibited signifi-
cantly higher IL-6, MMP9, and iNOS production,
indicating the induction of pro-inflammatory and

FEBS Open Bio 12 (2022) 1475-1488 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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migratory phenotypic changes in VSMCs. Notably,
enhanced 1L-6, MMP9, and iNOS levels were blunted
in VSMCs cultured in conditioned medium from
CoCl,-treated HAECs pretreated with NAC. Finally,
the addition of 6-AN to HAECs treated with CoCl,
and NAC resulted in recovered capacity of the HAECs
conditioned medium to induce the expression of IL-6,
iNOS, and MMP9 in VSMCs (Fig. 6A-C). In
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pendent experiments (n = 3). One-way ANOVA test followed by Tukey's multiple comparison test was used. *P < 0.05 vs control group,

#P < 0.05 vs CoCl, group, &P < 0.05 vs NAC + CoCl, group.

summary, these results indicate that synthetic pheno-
typic changes in VSMCs could be induced by secreted
cytokines from CoCl,-treated endothelial cells, which
can be ameliorated by NAC and is G6PD activity/PPP
dependent.

Discussion

Acute or chronic hypoxia and ischemia have been
widely observed in many vascular-related disorders,
including diabetic vascular complications like diabetic
retinopathy or kidney disease, chronic obstructive pul-
monary disease, obstructive sleep apnea, atherosclero-
sis, and myocardial ischemia reperfusion injury (I/RI).
As the first layer in the lumen of vessels, endothelial
cells are the first cell population to sense oxygen
changes in the vasculature, indicating that endothelial
cells may serve as a potential target for the treatment
of hypoxia-related vascular diseases. Our data identi-
fied G6PD as a novel target for CoCl,-induced
endothelial dysfunction. Furthermore, this study
demonstrated the protective effect of NAC against
CoCl,-induced endothelial dysfunction by enhancing
GO6PD activity, supporting its therapeutic potential.

To date, studies on the role of G6PD in vascular
diseases, particularly those related to hypoxia, remain
limited. Diabetic retinopathy (DR), including nonpro-
liferative DR, proliferative DR, and macular edema, is
closely related to hypoxia. It was found that oxygen
therapy in patients with chronic diabetic macular
edema could significantly reduce retinal thickness, indi-
cating the involvement of hypoxia [34]. Recent clinical
evidence has demonstrated the incidence of G6PD
deficiency in concert with proliferative diabetic
retinopathy (PDR) which is more likely to occur in
patients with type I diabetes mellitus over 15 years
with G6PD deficiency [18]. In addition, decreased
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erythrocyte G6PD activity and low NADPH Ilevels
have been detected during the early phase of nonpro-
liferative diabetic retinopathy (NPDR) with increased
advanced lipoxidation end product (ALE) generation
[35]. Consistently, decreased GO6PD expression and
activity upon CoCl, treatment in endothelial cells was
observed in this study.

The effects of hypoxia on G6PD expression and
activity remain controversial and largely unknown.
GO6PD expression is enhanced in response to hypoxia
(3% O,) and this results in a switch in pulmonary
artery smooth muscle cell phenotype, that is, from the
contractile to synthetic phenotype, thereby contribut-
ing to pulmonary arterial remodeling and pathogenesis
of pulmonary hypertension [36]. Hypoxia (3% O,) or
CoCl, (100 pum) also activated G6PD expression and
activity in PCI12 cells in a ROS-dependent manner
[37]. In contrast, in vascular smooth muscle cells,
hypoxia reduced the PPP flux, leading to decreased
NADPH levels and, therefore, increased vasorelax-
ation [38], which is consistent with the findings of our
study in endothelial cells. Considering the discrepan-
cies in the effects of hypoxia on G6PD, we speculated
that the regulation of G6PD is dependent on the meta-
bolic characteristics of the type of cell, degree of
hypoxia, and extent of ROS accumulation. In this
study, no accumulation of ROS was detected in
endothelial cells upon CoCl, stimulation for either 24
or 48 h (Fig. S2A). To better elucidate this, we mea-
sured the expression of key Nrf2/ARE genes that regu-
late the antioxidative defense system, including CAT
(Catalase), HO-1 (heme oxygenase 1), GPXI (glu-
tathione peroxidase 1), GSS (glutathione synthetase),
GSR (glutathione-disulfide reductase), NQOI (NAD(P)
H quinone dehydrogenase 1), SODI (superoxide dis-
mutase 1), and SOD2 (superoxide dismutase 2;
Fig. S2B). Interestingly, all the above genes were
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activated upon CoCl, treatment indicating an activation
of the antioxidative defense system, which may explain
why no ROS accumulation was observed in EA.hy 926
in response to CoCl,. Moreover, supplementation with
NAC, a well-known ROS scavenger, did not rescue
GO6PD expression upon CoCl, stimulation, as shown in
Fig. 4, which strongly suggested that the decreased
G6PD expression upon CoCl, stimulation was not
caused by ROS accumulation. Of interest, in contrast to
protein level, G6PD mRNA was moderately increased
upon CoCl, (Fig. S3A). Therefore, it is indicated that
GO6PD protein reduction upon CoCl, in this study was
due to increased protein degradation. It is known that
GO6PD was also a key antioxidant gene responsible for
NADPH synthesis and activated by Keap-Nrf2 system.
Thus, we speculated that the upregulation of G6PD
mRNA may be mediated by Keap-Nrf2 system.

In addition, the preference of endothelial cells for gly-
colysis, especially during oxygen shortage has been well
presented by Carmeliet’s group about the adaption
capacity of endothelial cells oxygen shortage [39,40],
which was further supported by Jarmuszkiewicza’s
group that reported a shift from aerobic to anaerobic
catabolism in response to hypoxia stimulation [41]. Fur-
thermore, a metabolic switch from PPP to glycolysis
was suggested in Kathagen—-Buhmann’s research demon-
strating hypoxia-induced downregulation of PPP
enzymes concomitant with the upregulation of glycolysis
enzymes [42]. In line with the findings, a metabolic shift
toward glycolysis was observed in this study, as indi-
cated by the increased levels of glycolysis product lactate
in endothelial cells upon treatment with 400 um CoCl,.
Consistently, the apoptosis assay using Annexin/PI dou-
ble staining showed no increase in early or late apoptosis
of cells treated with CoCl, (Fig. S4A,B). Thus, it may
be postulated that endothelial cells adapt to the hypoxic
microenvironment by diverting carbon away from mito-
chondrial respiration to glycolysis to avoid ROS forma-
tion. In consistent with this, we have done the dose test
of CoCl, using CCKS8 assay and noticed that in com-
pared to most other studies, higher dose of CoCl,
(400 pm) was required to induce significant endothelial
cell damage. This phenomenon may further support the
adaption capacity of endothelial cells to hypoxia
(Fig. S3B). It is important to identify the mechanism
mediating G6PD inhibition upon hypoxia or CoCl,
treatment, independent of ROS, in future studies.

Our data showed that the protective effect of NAC
against CoCl, mimicked the hypoxic effect by enhanc-
ing G6PD activity, but not expression. As a thiol-
containing compound, NAC has been widely applied
clinically for decades to treat acetaminophen toxicity
[43], contrast-induced nephropathy, chronic obstructive

NAC-enhanced G6PD activity in endothelial cells

pulmonary disorder, and pulmonary fibrosis [44,45]. In
addition, clinical application of NAC in the treatment
of other chronic diseases, such as inflammatory bowel
disease, has also been reported [46]. Thus, NAC may
serve as a potential therapy for treating hypoxia-
related endothelial dysfunction in the future. NAC
supplementation to compensate G6PD deficiency have
been reported in several diseases [25,32,47]. As a GSH
precursor, NAC mostly functions to combat oxidative
stress by increasing the levels of GSH, which could
also be catalyzed by G6PD from GSSG. Therefore,
treatment with NAC could replenish the lack of GSH
caused by G6PD deficiency as reported in several stud-
ies. However, it is worth noting that the addition of 6-
AN abrogated NAC treatment in this study, suggest-
ing that PPP is indispensable for the protective effect
of NAC against hypoxia. Thus, instead of replenishing
GSH, it is rational to assume that NAC protects
endothelial cells against CoCl, treatment by activating
GO6PD activity to produce ribose-5-phosphate and
NADPH for biosynthetic processes. To date, several
mechanisms involved in modulating G6PD activity
post-translation have been revealed, including O-
GIcNAcylation and phosphorylation [9,10,48-50].
Therefore, it is necessary to investigate how NAC reg-
ulates G6PD activity in future study.

In this study, CoCl, was applied to prevent the HIF
protein degradation and induce hypoxia effect. How-
ever, HIF-1-independent effects has also been reported.
It was found that upon acute hypoxia stimulation by
oxygen shortage, monocyte adhesion to endothelial cells
was induced by increased ICAM-1 expression. More-
over, ICAM-1 upregulation was mediated by prolyl
hydroxylase (PHD)-dependent NF-xB activation, not
HIF-1 or HIF-2. In consistent with this, cross-talk
between hypoxia and inflammation has been well
revealed. In consideration of activation of inflammatory
cytokines upon CoCl, in this study, it would be inter-
esting to knock down HIF and PHD separately to elu-
cidate the underlying mechanisms mediating CoCl,
treatment and endothelial dysfunction, which can be
either HIF-dependent or -independent [8,51].

Finally, it is necessary to emphasize that this study
was based on the in vitro model, which cannot exactly
reflect in vivo situation. For example, endothelial cell
proliferation capacity was limited in vivo. Although
cell viability, proliferation, tube formation, and activa-
tion of inflammatory/angiogenic cytokine were ana-
lyzed in this study, we speculated that compared to
proliferation and tube-forming capacities, cell viability
and inflammatory cytokine secretion would be more
relevant to the in vivo situation and worthy for further
investigation in the future.
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Conclusions

In conclusion, our study identified G6PD as a novel
candidate in CoCl,-induced endothelial cell damage,
including abrogated cell viability, proliferation, tube
formation, and activation of pro-inflammatory/
angiogenetic cytokines. Furthermore, pretreatment
with NAC could ameliorate CoCl,-induced endothelial
cell damage by activating G6PD activity, indicating its
therapeutic potential in treating hypoxia-related
endothelial dysfunction.

Materials and methods

Cell culture

EA.hy926 (ATCC® CRL-2922™, Gaithersburg, MD,
USA) cell line was a immobilized human umbilical vein cell
line established by fusing primary human umbilical vein
cells with a thioguanine-resistant clone of A549 and cul-
tured in DMEM (5.5 mM D-glucose) supplemented with
10% FBS and 1% penicillin/streptomycin in a humidified
atmosphere of 5% CO, at 37 °C. HAECs(A kind gift from
Dr Wei Zhang, Procell, China) and A7r5 (Procell, Wuhan,
China) were cultured in DMEM (25 mm bp-glucose) supple-
mented with 10% FBS and 1% penicillin/streptomycin.
HAECs were primary human aortic endothelial cells iso-
lated from the human ascending and descending aorta. Pas-
sages at 4-9 were applied in vitro culture for HAECs and
A7r5. Endothelial cells were passaged at ~ 90% conflu-
ence and seeded at 2 x 10* cells-cm™2, which normally
become 100% confluent without further treatment after
48 h. NAC (10 mm) and 6-AN (50 um) were added 1 h
prior to CoCl, (400 um) treatment.

For conditional medium experiment, HAECs were trea-
ted with CoCl, at 400 um in the presence or absence of
NAC (10 mm) or 6-AN (50 um) for 48 h. Afterward,
HAEC culture media from four groups (control, CoCl,,
CoCl, + NAC, and CoCl, + NAC + 6-AN) was harvested
and quickly spun to remove cell debris. Afterward, these
conditional media from four groups were added directly to

Table 1. Sequences of primers for real-time PCR.
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confluent A7r5 rat aortic VSMCs for another 24 h. A7r5
cells were then harvested for qPCR analysis for IL-6,
iNOS, and MMP9 mRNA level. A7r5 cells were also trea-
ted directly with CoCl,, NAC, or 6-AN and compared to
those treated with conditional medium from HAECs.

Real-time polymerase chain reaction (PCR)

RNA was extracted with RNA simple Total RNA Kit
(Tiangen Biotech, Beijing, China). cDNA synthesis was per-
formed with the FastQuant RT Kit (Tiangen Biotech) fol-
lowing the manufacturer’s instruction. Real-time quantitative
PCR was carried out with the SuperReal PreMix Plus (Tian-
gen Biotech) in a Light Cycler 480 System (Roche, Shang-
hai, China) or QuantStudio™ 7 Flex Real-Time PCR
System. Sequence of primers were listed in Table 1.
The AAC; method was applied to calculate relative expres-
sion level of target genes to endogenous control-f-actin.

Western blot

Protein samples were loaded at 10 pg per lane, separated
by 10% SDS-polyacrylamide gel electrophoresis, and then
transferred to poly vinylidene fluoride membrane. Mem-
branes were probed with anti-G6PD antibody(1 : 1000,
Abcam, Shanghai, China), anti-B-actin, or GAPDH anti-
body (1 : 1000, Sigma-Aldrich, Shanghai, China) overnight
at 4 °C then incubated with Horseradish-conjugated anti-
rabbit or mouse antibody (1 : 5000, Pierce, Thermofisher,
Waltham, MA, USA) before development in ECL substrate
and auto-radiographed using IMAGEQUANT LAS 4000 MINI
(Cytiva, Shanghai, China).

NADP/NADPH assay

The NADP/NADPH ratio was measured using a NADP/
NADPH assay kit (Abcam, ab65349, Cambridge, UK)
according to the manufacturer’s instructions. Briefly, cells
harvested from a 10 cm dish were immediately lysed in
400 pL of extraction buffer, followed by two freeze/thaw
cycles (20 min on dry ice followed by 10 min at RT). The

Species Gene symbol Accession number Forward primer (5'-3') Reverse primer(5'-3')

Rat B-ACTIN NM_031144 CGGTCAGGTCATCACTATCG TTCCATACCCAGGAAGGAAG
Rat iNOS NM_012611.3 GGGGACTGGACTTTTAGAGACG TGCACCAACTCTGCTGTTCTC
Rat MMP9 NM_031055.2 TTCAAGGACGGTCGGTATT CTCTGAGCCTAGACCCAACTTA
Rat IL-6 NM_012589.2 CATTCTGTCTCGAGCCCACC GCTGGAAGTCTCTTGCGGAG
Hu VEGF NM_001287044.1 TCAAGCCATCCTGTGTGCC GGCCTTGGTGAGGTTTGATCC
Hu IL-1B NM_000576 AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA
Hu B-ACTIN NM_001101 ATTGGCAATGAGCGGTTCC GGTAGTTTCGTGGATGCCACA
Hu IL-6 NM_000600 AGTGAGGAACAAGCCAGAGC AGCTGCGCAGAATGAGATGA
Hu ICAM-1 NM_000201.2 GTATGAACTGAGCAATGTGCAAG GTTCCACCCGTTCTGGAGTC
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lysate was centrifuged at 13 000 x g for 5 min. Two-
hundred mictroliters of supernatant from each sample were
heated at 60 °C for 30 min in a water bath and then mea-
sured by reaction with the reaction mixure. The optimal
readouts were collected after 1 h at room temperature.

G6PD activity

GO6PD activity was measured utilizing a Glucose-6-
Phosphate Dehydrogenase Activity Colorimetric Assay kit
(Biovision, K757 or Abcam, ab102529) according to the
manufacturer’s instructions. Briefly, 1 x 10° cells were
rapidly homogenized in an equivalent volume of G6PDH
Assay Buffer. Fifty microliters of lysis were added into a
96-well plate with the addition of another 50 pL reaction
mix. Absorbance at OD 450 nm before and after incuba-
tion at 37 °C for 30 min was recorded. G6PD activity was
calculated using the NADH standard curve.

Measurement of cell proliferation

Cell proliferation was measured using the Cell-Light™ EdU
Apollo®488 In Vitro Imaging Kit (Ribobio, C10310-3,
Guangzhou, China) according to the manufacturer’s
instructions. Briefly, cells were cultured for 2 h in a med-
ium supplemented with 50 pm EdU before fixation with
4% paraformaldehyde for 30 min at RT. Cells were perme-
abilized with 0.5% Triton-100 in PBS, stained with EdU
staining buffer as instructed by the manufacturer, and
counterstained with Hoechst33342 for nucleus. The cell
proliferation rate was represented by the percentage of pos-
itively labeled cells among total cells and normalized to the
control group (=100%).

Measurement of cell viability

Cell viability was measured using a Cell Counting Kit-8
(Dojindo, Kumamoto, Janpan) according to the manufac-
turer’s instructions in a 96-well plate. The culture medium
was replaced to normal culture medium before adding the
CCKS8 solution. The absorbance of each well was deter-
mined at 450 nm and normalized to that of the control

group (=1).

Measurement of cell apoptosis and ROS
accumulation

Cell apoptosis was measured using Annexin V, FITC
Apoptosis Detection Kit (Dojindo) according to the manu-
facturer’s instructions and analyzed using a flow cytometer
(Annexin V, FITC: 494 nm/518 nm; PI: 535 nm/617 nm).
ROS detection was measured using the CellROX™ Green
kit (ThermoFisher, Shanghai, China) and then analyzed
using a flow cytometer in the green channel (FITC channel).

NAC-enhanced G6PD activity in endothelial cells

Measurement of tube formation capacity

Tube formation capacity was measured using Growth Fac-
tor Reduced Matrigel™ Matrix (354230; Corning, NY,
USA) according to the manufacturer’s instructions. Matrigel
was thawed overnight on ice at 4 °C. EA.hy926 cells and
HAECs were seeded in 6-well plates and treated as indicated
for 48 h. Fifty microliters of matrigel were seeded in a 96-
well plate per well and equilibrated to 37 °C for 30 min.
Cells were harvested and seeded on matrigel at a density of
5 x 10* cells. Tube formation was observed after 5 h under
a microscope (TCS SP5, Leica, Wetzlar, Germany). Number
of tubes was counted directly in 4-6 random fields.

Statistical analysis

All data are presented as the mean + SEM. Student’s 7-test
was used to compare the variation between two groups.
Statistical analysis between more than two groups was per-
formed using one-way ANOVA followed by Tukey’s multi-
ple comparison test using the GRAPHPAD PRIsM 7.0 software
(GraphPad, San Diego, CA, USA). P < 0.05 was consid-
ered statistically different.
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Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. 6-AN abrogated the protective effect of NAC
on arterial endothelial cell damage induced by CoCls.

C. Yang et al.

Fig. S2. CoCl, treatment to mimic hypoxia effect did
not induce ROS accumulation in EA.hy926 cells due
to enhanced antioxidative defense system.

Fig. S3. G6PD mRNA change upon CoCl, treatment
and CoCl, dose test.

Fig. S4. CoCl, treatment to mimic hypoxia effect did
not induce HAEC apoptosis.
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