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ARTICLE INFO ABSTRACT

Keywords: Aberrant placental angiogenesis is associated with fetal intrauterine growth restriction (IUGR), but the mecha-
Angiogenesis nism underlying abnormal placental angiogenesis remains largely unknown. Here, lower vessel density and
IUGR higher expression of NADPH oxidases 2 (Nox2) were observed in the placentae for low birth weight (LBW) fe-
g{:ima tuses versus normal birth weight (NBW) fetuses, with a negative correlation between Nox2 and placental vessel
STAT3 density. Moreover, it was revealed for the first time that Nox2 deficiency facilitates angiogenesis in vitro and in
VEGF-A vivo, and vascular endothelial growth factor-A (VEGF-A) has an essential role in Nox2-controlled inhibition of

angiogenesis in porcine vascular endothelial cells (PVECs). Mechanistically, Nox2 inhibited phospho-signal
transducer and activator of transcription 3 (p-STAT3) in the nucleus by inducing the production of mitochon-
drial reactive oxygen species (ROS). Dual-luciferase assay confirmed that knockdown of Nox2 reduces the
expression of VEGF-A in an STAT3 dependent manner. Our results indicate that Nox2 is a potential target for
therapy by increasing VEGF-A expression to promote angiogenesis and serves as a prognostic indicator for fetus
with IUGR.

1. Introduction

Intrauterine growth restriction (IUGR) is a complication of preg-
nancy leading to low birth weight (LBW). LBW fetuses had a lower
growth rate and an increased incidence of diseases, such as obesity,
diabetes, insulin resistance, hypertension, and cardiovascular disease
later in life [1]. Although many factors, such as maternal nutrition, flow
of blood, and placental dysfunction have been reported associated with
LBW [2,3], the mechanism of LBW is still unclear. Therefore, it is
important to explore the mechanism to obtain better prevention out-
comes in fetuses with LBW.

The formation of placental blood vessels is important for fetal
growth. Previous studies have revealed that impaired angiogenesis in
LBW placentae [4,5], indicating that poor placental blood vessel
development weakens the exchange of oxygen/nutrients and blood flow,
thus reducing fetal growth [6]. Vascular endothelial growth factor-A

(VEGF-A), an important angiogenic factor [7], binding to the VEGFR
receptor-2, promotes the activation of tyrosine kinase enzyme, which
can activate several intracellular signaling pathways, thus producing
several biological effects, including proliferation, migration, and
angiogenesis [8]. Previous studies confirmed the significant down-
regulation in the VEGF-A protein level in LBW placenta [9], indicating
that decreased VEGF-A might contribute to abnormal angiogenesis in
IUGR placenta. However, the mechanism needs further investigation.
High oxidative stress was shown to impair cell function and angio-
genesis [10,11]. NADPH oxidase 2 (Nox2), as part of a NADPH oxidase
complex, is a major source of reactive oxygen species (ROS) in endo-
thelial cells [12], and it also plays a vital role in angiogenesis. For
instance, Nox2-derived ROS contribute to hypercholesterolemia-induce
dinhibition of neovascularization [13], and Nox2 deficiency protects
against age-dependent impairment of neovascularization in muscle
[14]. However, the role of Nox2 in modulating placental angiogenesis is

* Corresponding author. South China Agricultural University, Guangzhou, Guangdong, 510642, China.

E-mail address: tanchengquan@scau.edu.cn (C. Tan).

https://doi.org/10.1016/j.redox.2021.102051

Received 12 April 2021; Received in revised form 4 June 2021; Accepted 16 June 2021

Available online 18 June 2021

2213-2317/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tanchengquan@scau.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2021.102051
https://doi.org/10.1016/j.redox.2021.102051
https://doi.org/10.1016/j.redox.2021.102051
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2021.102051&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

C. Hu et al. Redox Biology 45 (2021) 102051

currently unknown. The purpose of the present study was to use the the LBW than in the NBW placentae. Moreover, knockdown of Nox2 was
model of LBW and normal body weight (NBW) piglet placentae to found to significantly increase angiogenesis both in vitro and in vivo.
investigate the role and the underlying mechanism of Nox2 in placental Furthermore, the role of Nox2 in angiogenesis was shown to depend on

angiogenesis. We found that higher expression of Nox2 was observed in the STAT3/VEGF-A signaling pathway in porcine vascular endothelial
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Fig. 1. Changes of vessel density and Nox2 in placentae for low (LBW) and normal (NBW) birth weight piglets. a. The birth weight of piglets in LBW and NBW groups
(n = 19). b. H&E staining to show vessel structures in placentae; the black arrows indicate the placental vessels. Scale bar, 200 pm. c. Histograms indicating
placental vascular density in each group (n = 19). d. CD31 staining to show the distribution of vessel density in placentae. Scale bar, 50 pm. (e) Histograms

indicating CD31 fluorescence intensity in each group (n = 14). f-h. The ROS, MDA, and GSH levels in placentae (n = 18). i. Protein levels of Nox2 and CD31 in
placentae. j. Histograms indicating Nox2 and CD31 protein levels in each group (n = 12). k. Inmunofluorescence images showing that Nox2 is highly expressed in
blood vessels with low CD31 immunofluorescence density. Scale bar, 50 pm. 1. Histograms indicating Nox2 fluorescence intensity in each group. m, n. Correlation
between placental vascular density or CD31 fluorescence intensity and Nox2 fluorescence intensity. Data represent the mean + SEM, *P < 0.05,
#p < 0.01, ***P < 0.001.
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cells (PVECs). Our findings reveal that Nox2 plays a critical role in
placental angiogenesis and can serve as a prognostic indicator for IUGR.

2. Materials and methods
2.1. Placental samples

In this study, a total of 339 neonatal piglets were obtained, with an
average birth weight of 642.2 + 9.6 g (means + standard error).
Next, piglets with birth weight less than 500g were assigned to the low
birth weight group (average birth weight = 426 g, LBW group), and
those between 600g and 700g were assigned to the normal birth weight
group (average birth weight = 648 g, NBW group) (Fig. 1a). The
placentae for LBW and NBW group piglets were weighed and collected,
and ~ 2 g of each placenta was immediately snap-frozen in liquid ni-
trogen or immediately fixed in 4% paraformaldehyde. The experimental
design and procedure adopted in this study were reviewed and approved
by the Animal Care and Use Committee of South China Agricultural
University.

2.2. Hematoxylin-eosin (H&E) and immunofiluorescence staining

Placental tissues fixed in 4% paraformaldehyde were paraffin-
embedded and sectioned at 5 pm thickness, followed by staining with
hematoxylin-eosin (H&E). The area occupied by placental tissues was
traced and the placental vessels in these areas were also traced using a
microscope (Olympus CX41, Japan). Next, the placental vascular areas
were quantified via image analysis and evaluated for the relative number
of placental vessels per unit tissue area. The remaining sections were
used for platelet endothelial cell adhesion molecule-1 (CD31) and Nox2
immunofluorescence staining as described in our previous work [15].
Three photographs were selected randomly for each slide using a fluo-
rescent microscope (Nikon Eclipse C1, Tokyo, Japan). The fluorescence
intensities of CD31 and Nox2 were quantified using Image J software
(National Institutes of Health, Bethesda, MD).

For staining PVECs, the cells were plated in slide with 2 mL medium
containing 10% fetal bovine serum. After staining for 24 h, the cells
were fixed in 4% paraformaldehyde for 10 min, followed by incubation
at room temperature overnight in a wet box with the following primary
antibodies: Goat anti-rabbit p-STAT3 (Abcam, USA), goat anti-mouse
VEGF-A antibody (Novus, USA), goat anti-rabbit Nox2 (Proteintech,
USA). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).

2.3. Cell culture

PVECs were purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), and cultured at 37 °C with 5% CO5 in 1640
medium with 10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/mL streptomycin.

2.4. Small interfering RNA (siRNA) and adenovirus vector transfection

PVECs were grown to 50% confluence in 6-well plates and trans-
fected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as
instructed by the manufacturer. Briefly, PVECs were seeded in 6-well
plates at 2 x 10* cells/well and incubated for 24 h, followed by
transfection with 20 nM si Ctrl and si Nox2 for 6 h. After transfection,
the medium was replaced with RIPM1640 containing 10% FBS and then
incubated for 48 h. Finally, Western blotting was used to assess the
expression of Nox2. The sequences were 5-CGCUGUGUCU-
CAUAUUAAUTT-3' and 5'-AUUAAUAUGAGACACAGCGTT-3' for Nox2
siRNA; 5-CCACUGAGGAGUUCAACAUTT-3' and 5-AUGUUGAA-
CUCCUCAGUGGTT-3' for VEGF-A siRNA; 5-UUCUCCGAACGUGU-
CACGUTT-3' and 5-ACGUGACACGUUCGGAGAATT-3' for control
siRNA. The siRNA was purchased from GenePharma Co., Ltd (Shanghai,
China).
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For adenovirus transfection, PVECs were plated in 6-well plates, and
at 70-80% confluence, the cells were infected with adenovirus at a
multiplicity of infection (MOI) of 50. After infection for 6 h, the medium
was replaced with RIPM1640 containing 10% FBS and then incubated
for 48 h. Finally, Western blotting was used to assess the protein
expression level of Nox2. The Ad-Nox2 adenovirus was generated from
GenePharma Co., Ltd. (Shanghai, China).

2.5. Oxidative stress parameters

The reactive oxygen species (ROS) level in placentae and cells was
measured using 2/, 7’-dichlorofluorescein diacetates (DCFH-DA) ac-
cording to the manufacturer’s protocol (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) as previously described [16]. Briefly,
PVECs were seeded in 96 well plates after si Ctrl and si Nox2 trans-
fection. At 60-70% confluency, cells were starved with serum free media
for 4 h, followed by adding RIPM1640 with 10% FBS and 20 pM
DCF-DA to the cells and incubation for 2.5 h at 37 °C.

Mitochondrial ROS level was measured using MitoSOX Red (Invi-
trogen, Carlsbad, USA) assay. PVECs were seeded in 96 well plates with
a density of 5 x 10 */mL and incubated for 24 h, followed by trans-
fection with 20 nM si Ctrl and si Nox2 for 6 h. After transfection, cells
were incubated with 5 mmol/L MitoSOX Red for 10 min at 37 °C. After
two washes with PBS, the images of the cells were captured with an
Olympus inverted microscope and analyzed using the Image J software.

Malondialdehyde (MDA) was quantified using the thiobarbituric
acid (TBA) method according to the manufacturer’s protocol (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). Glutathione (GSH)
in placenta was determined using the commercial kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). Placental total protein
concentrations were measured according to the instructions of the
bicinchoninic acid (BCA) protein assay kit (Beyotime, Beijing, China).
The placental MDA and GSH levels were normalized to placental total
protein.

2.6. Tube formation assay

A total of 4 x 10% PVECs were seeded in 96-well plates pre-coated
with 50 pL Matrigel (BD company, USA) and incubated with serum-free
medium or conditioned cell culture medium at 37 °C for 6 h. Then the
images were captured using an Olympus inverted microscope (40 x )
and the results of tube formation were analyzed using Image J software.

2.7. Transwell assay

PVECs were collected and suspended in serum-free medium. Then,
the cells (4 x 104) were seeded into the upper chamber, followed by
adding 600 pL of serum-free medium or conditioned cell culture me-
dium to the lower chamber. Next, the PVECs were incubated for 24 h
and then stained with crystal violet solution. Images were captured with
an Olympus inverted microscope and analyzed using the Image J
software.

2.8. Wound healing assay

PVECs were seeded into 6-well plates. After siRNA transfection or
inhibitor treatment, the PVECs were wounded with a 10 pL pipette tip
and maintained for 24 h in basal medium or conditioned cell culture
medium. The wounded areas at 0 h and 24 h were captured using an
Olympus inverted microscope and quantified using the Image J
software.

2.9. ELISA assay

The culture supernatants were collected for VEGF-A quantitation.
The VEGF-A level in the supernatants was measured through ELISA
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(CSB-E12053p, Cusabio, Wuhan, China, https://www.cusabio.com/)
according to the manufacturer s protocol.

2.10. Quantitative real-time PCR

Total RNA was isolated from the PVECs using the TRIzol reagent
(Invitrogen, Carlsbad, USA). cDNA synthesis was performed using the
PrimeScript RT reagent kit (Takara, Dalian, China). The primers used are
shown in Supplemental Table S1. The PCR reaction was performed using
ABI QuantStudioTM 6 Flex system (Applied Biosystems, Carlsbad, CA)
and SYBR Green Reagent kit (GenStar, Beijing, China). The relative gene
expression was expressed as a ratio of the target gene to the control gene,
with 18S rRNA used as a control gene.

2.11. Nuclear and cytoplasmic protein extraction

The nuclear and cytoplasmic proteins were extracted according to
the procedure of the kit (Sangon Biotech, Shanghai, China).

2.12. Western blotting

Placentae and cells were lysed by RIPA buffer (Beyotime, Beijing,
China) containing protease and phosphatase inhibitors. The protein
concentrations were determined using a BCA Protein Assay kit (Beyo-
time, Beijing, China) according to the manufacturer’s guide, and then
separated by SDS-PAGE and blotted onto PVDF membranes. Next, the
blots were incubated at 4 °C overnight with the following primary an-
tibodies: VEGF-A (Proteintech, USA), VEGFR2 (Absin Bioscience, Inc.,
Shanghai, China), phospho-VEGF Receptor 2 (Tyrl175) polyclonal
antibody (CST, USA), Nox2 (Proteintech, USA), p-Actin (CST, USA), p-
STAT3 (Abcam, USA), STAT3 (Abcam, USA), CD31 (Abcam, USA), and
Histone H3 (Proteintech, USA). The density of bands was quantified
using Image J software (National Institutes of Health, Bethesda, MD)
and then normalized to p-Actin.

2.13. Protein stability assay

A cycloheximide (CHX) -based assay was used to analyze the protein
turnover of p-STAT3 in PVECs. Briefly,12 pg/mL CHX was added to cell
culture medium and cells were harvested at the indicated time points.
Next, the cells were lysed by RIPA buffer (Beyotime, Beijing, China)
containing phosphatase inhibitors, followed by Western blotting the cell
lysates with anti-p-STAT3 and anti-p-actin as indicated. Finally, the p-
STATS3 protein levels relative to f-Actin were quantified using the Image
J software.

2.14. Co-immunoprecipitation (co-IP) assay

PVECs were harvested and washed three times by PBS, followed by
lysing the cells with RIPA buffer (Beyotime, Beijing, China), obtaining
the cell lysates by centrifugation, and incubation for 2 h at 4 °C with
2 pg of indicated antibody and protein A + G Magnetic beads (Beyo-
time, Beijing, China). After three washes with buffer, the immunocom-
plexes were separated by SDS-PAGE.

2.15. Luciferase reporter assay

The pig STAT3-binding motif VEGF-A promoter was cloned into the
PGL3 reporter plasmid (Supplemental Fig. S4d). Mutations were intro-
duced into the sequences of the VEGF-A promoter to generate VEGF-A
mutation reporters. The Renilla luciferase reporter plasmid (pRL-TK)
was co-transfected as an internal control plasmid. After 48-h trans-
fection, the cells were lysed and assayed. The luciferase activity of
VEGF-A promoter was measured using the Dual-Luciferase Reporter kit
(Promega, Madison, WI, USA).
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2.16. Mitochondrial ROS level and membrane potential determination

The mitochondrial ROS level in PVECs was determined using Mito-
SOX Red (Invitrogen, USA). Briefly, PVECs were plated on 24-well plates
and incubated with 5 pM MitoSOX Red at 37 °C for 10 min. Immu-
nofluorescence images were captured using an Olympus inverted
microscope.

The mitochondrial membrane potential was determined using the
mitochondrial membrane potential assay kit (Beyotime, Beijing, China)
according to the manufacturer’s instructions.

2.17. Intracellular adenosine triphosphate (ATP) and mitochondrial DNA
(mtDNA) levels

Intracellular ATP levels were measured using an ATP assay kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instructions.

Total genomic DNA of PVECs was isolated from the placenta using
the QIAamp DNA Mini Kit (Qiagen, USA). mtDNA levels were deter-
mined using primers for mitochondrial cytochrome b (Cytb), and
normalized to genomic DNA by amplification of the 18S rRNA [15].

2.18. In vivo matrigel plug assay

Male BALB/c nude mice were purchased from Guangdong Medical
Laboratory Animal Center (Foshan, Guangdong, China) and allowed to
acclimate for 1 week before use. Then, the BALB/c nude mice (6 weeks
of age) were given subcutaneous injections of 400 pL of Matrigel (BD
Biosciences, USA) containing 100 pL CM from siCtrl or siNox2 cells
treated with or without 5 pM Stattic. 15 days later, the Matrigel plugs
were dissected out and used for hemoglobin measurement or CD31
staining. All experiments were approved by the Care and Use of Labo-
ratory Animal Center and Animal Ethics Committee of South China
Agricultural University.

2.19. Hemoglobin assay

The hemoglobin concentration in the Matrigel plugs was measured
using a commercial kit (Bestbio, Shanghai, China). Briefly, the plugs
were homogenized in 400 pL of RIPA lysis buffer and centrifuged at
3000 rpm for 15 min at 4 °C to collect the supernatant. Finally, the
supernatant was used for hemoglobin determination according to the
manufacturer’s instructions.

2.20. Statistical analysis

The differences between the two groups were analyzed by the Stu-
dent’s t-test using SPSS 20.0 (SPPS Inc., Chicago, IL) software. Experi-
ments were repeated three to five times. Data were presented as
mean + SEM. The Pearson correlation analysis was performed to
determine the correlation among the groups. P < 0.05 was considered
as statistically significant.

3. Results

3.1. Nox2 is highly expressed in LBW placentae and negatively associated
with placental vessel density

Placental vessels play an important role in fetal growth and devel-
opment. The placentae for LBW fetuses showed a lower weight than
those for NBW fetuses (Supplemental Fig. Sla). To investigate the
placental angiogenesis in LBW and NBW, we analyzed the placental
vessel density using H&E (Fig. 1b) and immunofluorescence staining
(Fig. 1d). The results showed that the vessel density was lower in the
LBW group than in the NBW group (Fig. 1c). CD31, a marker of endo-
thelial cells in blood vessels [17], was highly expressed in the NBW


https://www.cusabio.com/

C. Hu et al.

group (Fig. 1e). Here, we also observed that the LBW group was higher
than NBW group in the ROS and MDA levels (Fig. 1f, h), but lower than
NBW group in the GSH level (Fig. 1g). Nox2 and Nox4 are the major
sources of ROS in endothelial cells [18]. Our previous study has shown
that Nox2 is the main isoform of NADPH oxidase in the placenta [15]. To
examine the role of Nox2 and Nox4 in angiogenesis, we employed
Western blotting and immunofluorescence staining assays to assess the
expression of Nox2 in placentae. The two groups showed no obvious
difference in the mRNA expression of Nox2 and Nox4 (Supplemental
Fig. S1b and c) or in the protein expression level of Nox4 (Supplemental
Fig. S1d and e). However, the protein expression level of Nox2 was
higher in the LBW group than in the NBW group (Fig. 1i and j), and Nox2
was highly expressed in the vessels of LBW placentae (Fig. 1k and 1). We
also analyzed the correlation of Nox2 with CD31 expression and
vascular density. The results showed that the Nox2 fluorescence in-
tensity was negatively correlated with placental CD31 expression and
vascular density (Fig. 1m and n). These above findings indicate that the
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increased Nox2 expression is related to poor angiogenesis in placentae.
3.2. Inhibition of Nox2 promotes angiogenesis

To test the hypothesis that the increased Nox2 expression is related
to poor angiogenesis in placentae, we investigated whether Nox2 could
influence angiogenesis in vitro. We established stable siRNA-Nox2 (si
Nox2) and adenovirus-Nox2 (Ad-Nox2) expressing PVECs (Fig. 2a-d).
We found that inhibition of Nox2 promoted endothelial cell tube for-
mation and migration (Fig. 2e-h, m, n), whereas overexpression of Nox2
decreased endothelial cell tube formation and migration (Fig. 2i-1, o, p).
Additionally, Nox2 ds-tat, a specific inhibitor of Nox2, was shown to
increase PVECs tube formation and migration (Supplemental Fig. S2a-
d).
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Fig. 2. Nox2 regulates PVECs tube formation and migration. a-d. Western blotting analysis of Nox2 expression in PVECs with siRNA against or infected with
adenovirus Nox2 for 48 h (n = 3). e, i. Representative images of tube formation by PVECs. PVECs were seeded at a density of 4 x 10* cells/well on a plate
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200 pm. Images of Transwell (g, k) or wound healing assay (m, o) in each group (n = 5). Scale bars, 100 pm. All data represent the mean + SEM. *P < 0.05,

**P < 0.01, ***P < 0.001.
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3.3. VEGF-A mediates angiogenesis inhibition of Nox2 controlled (Supplemental Fig. S3). Additionally, Nox2 knockdown significantly
increased the mRNA expression level of VEGF-A (Fig. 3a). Western

A real-time PCR was performed to determine the difference in the blotting and immunofluorescence analysis confirmed the increase of
expression of angiogenesis-related factors in placentae and Nox2 VEGF-A expression was observed in Nox2 knockdown cells (Fig. 3b and
knockdown cells. The results showed that the mRNA expression level of ¢). Furthermore, we examined the secretion of VEGF-A in the culture

VEGF-A was higher in the NBW group than in the LBW group supernatants from si Ctrl and si Nox2 cells. The ELISA results indicated
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Fig. 3. VEGF-A mediates the effects of Nox2 on PVECs tube formation. a. The mRNA expression of angiogenesis-related factors. Cells were transfected with indicated
siRNA for 48 h, followed by culture for additional 24 h (n = 5). b. Western blotting analysis of the protein levels of Nox2 and VEGF-A in PVECs (n = 3). Cells were
transfected with indicated siRNA for 48 h, followed by culture for additional 6, 12, and 24 h (n = 3). c. Inmunofluorescence analysis of VEGF-A in PVECs. Cells
were transfected with indicated siRNA for 48 h, followed by culture for additional 24 h. d. The concentration of VEGF-A in culture media (n = 5). e. Dual-luciferase
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formation of PVECs with siRNA against VEGF-A treated with or without Nox2 ds-tat (10 pM) (n = 5); scale bars, 200 pm.
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that the VEGF-A concentration increased in the conditioned media (CM)
from si Nox2 cells versus si Ctrl cells (Fig. 3d). The overexpression of
Nox2 in PVECs decreased the protein expression levels of VEGF-A
(Supplemental Fig. S7). Moreover, the promoter activity of VEGF-A
was also significantly reduced when PVECs were transfected with
Nox2 adenovirus (Fig. 3e). Since Nox2 could inhibit PVECs tube for-
mation and migration, we questioned whether VEGF-A-mediated
angiogenesis inhibition is controlled by Nox2. Therefore, siRNA was
used to knock down the expression of Nox2 and VEGF-A (Fig. 3f). After
knockdown of VEGF-A, we found that no significant difference was
observed in the tube formation between si Ctrl and si Nox2 groups
(Fig. 3g), and knockdown of VEGF-A produced no effect on the protein
expression level of Nox2 (Supplemental Fig. S4a). VEGF-neutralizing
antibody, bevacizumab, was used to inhibit the VEGF-VEGFR2
signaling pathway (Fig. 3h), and no significant difference was
observed in the tube formation and migration between si Ctrl and si
Nox2 groups after bevacizumab treatment (Supplemental Fig. S4b, c).
Additionally, we used CM to investigate whether Nox2-regulated VEGF-
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A expression stimulates autocrine angiogenesis. The CM from si Nox2
cells was found to have an increase in tube formation, while the CM
derived from si Nox2 cells treated with bevacizumab showed no change
in tube formation (Fig. 3j), implying that Nox2 knockdown induces
VEGF-A dependent autocrine angiogenesis.

We also observed no significant difference in the tube formation
between Ctrl and Nox2 ds-tat groups after knockdown of VEGF-A
(Fig. 3k and 1). Taken together, VEGF-A is the target of Nox2 during
angiogenesis inhibition.

3.4. Nox2 indirectly regulates STAT3 signaling pathway

To measure the kinetics of VEGF-A mRNA and protein degradation,
we added actinomycin D (AD) and cycloheximide (CHX) to inhibit
mRNA and protein synthesis, respectively. The si Ctrl and si Nox2 groups
showed no significant difference in VEGF-A mRNA and protein degra-
dation (Supplemental Fig. S5a-d). Additionally, transcription factors,
including HIF-1a, NF-kB, and STAT3, were shown to regulate VEGF-A
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Fig. 4. Nox2 regulates STAT3 signaling pathway. (a, b) The protein levels of VEGE-A,
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k, 1. The mRNA expression levels of STAT3-targeted genes (n

interaction of Nox2 and STAT3. *P < 0.05, **P < 0.01, ***P < 0.001.

p-STAT3 and STAT3 in placentae (n 12). c-f. Western blotting analysis of p-
3). g-i. Western blotting analysis of nuclear and cytoplasmic
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3). q. Immunoprecipitation (IP) analysis of the
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expression [19-21], and we used PX-478, QZN, and Stattic to inhibit mechanism of how Nox2 regulates p-STAT3, we determined the effects
HIF-1a, NF-xB, and STAT3, respectively. However, inhibition of HIF-1a of Nox2 on p-STATS3 protein stability, and the cell lysates were harvested
and NF-xB failed to reverse the angiogenic effects induced by Nox2 at 0, 6, 12 and 24 h post CHX addition. The p-STAT3 protein was
knockdown, whereas inhibition of STAT3 phosphorylation produced no observed to degrade slower in si Nox2 cells than in si Ctrl cells, while
difference between si Ctrl and si Nox2 groups in tube formation (Sup- faster in Nox2 overexpressing cells (Fig. 4m-p), indicating that Nox2
plemental Fig. S6). Meanwhile, the protein levels of VEGF-A and reduces the p-STATS3 stability. Nox2 knockdown was found to have no
p-STAT3 were significantly decreased in the LBW group versus the NBW effect on STAT3 expression in PVECs treated with or without MG132
group (Fig. 4a and b). Western blotting revealed that the protein level of (Supplemental Fig. S8). Furthermore, whether Nox2 directly interacts
p-STAT3 was strongly up-regulated in the Nox2-knockdown PVECs with STAT3 was determined by co-immunoprecipitation (Co-IP). As
(Fig. 4c and d), but down-regulated in the Nox2-overexpression PVECs shown in Fig. 4q, no direct interaction was observed between Nox2 and
(Fig. 4e and f). The nuclear and cytoplasmic proteins of the cells were STATS.

collected for western blotting analysis, and the nuclear p-STAT3

expression was increased by Nox2 knockdown (Fig. 4g and h), but 3.5. Nox2 reduces VEGF-A expression by STAT3

inhibited by Nox2 overexpression (Fig. 4i and j).

To further investigate the activation of STAT3, the mRNA expression Whether Nox2 knockdown-induced VEGF-A expression is dependent
of STAT3 downstream genes, including IL-8, IL-6, and HIF-la, was on STATS3 activation was investigated by treating the Nox2 knockdown
determined by real-time -PCR in Nox2 knockdown cells or Nox2 over- cells with the STAT3 inhibitor Stattic. We found that STAT3 inhibition
expressing cells. The data showed that the mRNA levels of STAT3 target induced a decrease nearly to the level of the control group in VEGF-A
genes were increased in Nox2 knockdown cells, but decreased in Nox2 protein and promoter activity (Fig. 5a—e). Furthermore, whether Nox2
overexpressing cells (Fig. 4k and 1). Additionally, to clarify the knockdown-induced tube formation requires STAT3 activation was
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tested by blocking the STAT3 pathway. When STAT3 pathway was
blocked, Nox2 knockdown or inhibition failed to facilitate PVECs tube
formation (Fig. 5f-g). These results revealed that Nox2 knockdown-
induced VEGF-A expression depends on STAT3 activation.

3.6. Nox2 regulates p-STAT3 though mitochondrial ROS

Co-IP results indicate that Nox2 may indirectly regulate p-STAT3
expression. Previous study has shown that mitochondrial ROS exerts an
importance role in STAT3 activation [22]. Therefore, we detected the
mitochondrial ROS levels using MitoSOX. As shown in Fig. 6, Nox2
overexpression could significantly increase the mitochondrial ROS
levels, whereas Nox2 knockdown could reduce the formation of ROS and
mitochondrial ROS (Supplemental Fig. S9). Additionally, membrane
potential, GSH, and ATP levels were also decreased in PVECs (Fig. 6a-d),
indicating Nox2 overexpression causes mitochondrial dysfunction [23].

Redox Biology 45 (2021) 102051

PGC1-a and NRF1 are regulators of mitochondrial biogenesis, and their
protein levels were also decreased in Nox2 overexpression cells (Fig. 6e).
Furthermore, we employed MitoQ (a mitochondrial ROS scavenger) to
obliterate mitochondrial ROS, thereby restoring the protein expression
levels of p-STAT3 and VEGF-A to normal levels (Fig. 6f, g), and a similar
result was observed in the tube formation and migration of PVECs
(Fig. 6h). These results indicate that Nox2 regulates STAT3/VEGF-A
pathway via mitochondrial ROS.

3.7. Knockdown of Nox2 increases angiogenesis in matrigel plugs in vivo

We used the Matrigel plug assay to evaluate the effects of Nox2 on
angiogenesis (Fig. 7a). No difference was observed in the body weight
among si Ctrl, si Nox2, and si Nox2+stattic groups (Fig. 7b), and the
hemoglobin levels were increased by knockdown of Nox2 (Fig. 7c¢ and
d). CD31 and H&E staining revealed that Matrigel mixed with CM from
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Fig. 6. Nox2 overexpression inhibits the activation of the STAT3 signaling pathway by inducing mitochondrial ROS production. a. Representative fluorescence
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Fig. 7. Knockdown of Nox2 induces angiogenesis in Matrigel plugs in vivo. a. BALB/c nude mice were injected subcutaneously with 400 pL Matrigel mixed with
100 pL PVEC conditioned media (CM) for 15 days, then the plugs were excised. b. Body weight of BALB/c nude mice at day 1 and 15 in the trial. c. The Matrigel
plugs were photographed (c), quantified for hemoglobin content (d), stained with CD31(e, upper) and hematoxylin and eosin (e, below). The CD31 immunofluo-
rescence intensity (f) and cells (g) in the Matrigel plugs. Results are expressed as the mean + SEM (n = 6).

the si Nox2 group increased the micro-vessel formation and contained
more cells in the Matrigel plugs (Fig. 7e-g). To assess STAT3/VEGF-A
dependent autocrine angiogenesis in vivo, the BALB/c nude mice were
given subcutaneous injections of Matrigel containing CM from si Ctrl or
si Nox2 cells treated with or without STAT3 inhibitor (Stattic). Under
the treatment of STAT3 inhibitor Stattic, Nox2 knockdown showed a
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decrease nearly to the levels of the si Ctrl group in hemoglobin, CD31
immunofluorescence intensity, and cells in the Matrigel plugs
(Fig. 7e-g). These results indicate that Nox2 knockdown induces
angiogenesis in vivo. A schematic diagram for the role of Nox2-mediated
VEGF-A dependent angiogenesis via STAT3 signaling is shown in Fig. 8.
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Fig. 8. Schematic diagram showing the role of Nox2-mediated VEGF-A dependent angiogenesis via STAT3 signaling. Nox2 deficiency decreased mitochondrial ROS
generation, which in turn induced STAT3 activation, thereby increasing VEGF-A expression and excretion and promoting VEGF-A dependent autocrine angiogenesis.
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4. Discussion

Previous studies have documented that Nox2 is associated with
angiogenesis [24]. However, the functional roles of Nox2 in regulating
placental angiogenesis remain unclear. In this study, we demonstrated
that LBW placentae showed low placental vessel density, which was
consistent with the finding of a previous study [5]. Studies have also
shown that high oxidative stress induced the dysfunction of endothelial
cells, thus contributing to aberrant angiogenesis [25]. Here, we found a
higher oxidative damage in placentae for LBW fetuses, as evidenced by
the higher ROS and MDA levels. This finding was in line with a previous
report of a higher oxidative damage in placentae for IUGR fetuses [26].
Nox2 and Nox4 are shown to be the main sources of ROS in endothelial
cells [27]. Interestingly, the LBW group showed no difference from the
NBW group in the mRNA levels of Nox2 and Nox4 in placentae, but was
significantly higher than the NBW group in the protein level of Nox2.
The expression level of protein depends on the balance between their
synthesis and degradation, suggesting that Nox2 might have a lower rate
of degradation and/or a higher rate of synthesis in the LBW group than
in the NBW group. MicroRNAs (miRNAs) are important regulators of
gene expression by modulating translation [28]. miRNAs, such as
miRNA-141, miRNA-106b, miRNA-148b, and miRNA-204, were iden-
tified to regulate Nox2 expression [29,30], indicating that specific
miRNAs might be involved in the regulation of Nox2 on protein
expression in placentae.

Nox2 deficiency was reported to protect against the
hypercholesterolemia-induced impairment of neovascularization by
reducing ROS formation, improving the functional activity of endothe-
lial progenitor cells, and maturing endothelial cells [13]. Therefore, we
suspect that the increased Nox2 level in placenta might induce excessive
ROS generation, contributing to the decrease of angiogenesis. To
investigate the role of Nox2 in angiogenesis, we established stable Nox2
knockdown and overexpression in PVECs. As expected, knockdown of
Nox2 in PVECs significantly promoted tube formation and migration,
whereas overexpression of Nox2 inhibited tube formation and migration
in vitro. Previous results also confirmed that impairment of bone vessels
was effectively ameliorated by treatment with Nox2 inhibitors [31].
These findings demonstrate the potential of Nox2 overactivation to
decrease placental angiogenesis. Meanwhile, there was also evidence
supporting that activation of Nox2 triggers angiogenesis [24,27]. This
difference can be explained by the physiological and pathological
angiogenesis orchestrated by Nox2. In physiological angiogenesis, Nox2
overactivation could induce excessive ROS generation, thus impairing
the function of vascular endothelial cells [32]. In pathological angio-
genesis, high levels of ROS induced by Nox2 may damage DNA, leading
to genomic instability and activation of proteins, such as NF-kB and
HIF-1a, which are known to promote pathological angiogenesis [33,34].

Angiogenesis is regulated by angiogenic factors, such as VEGF, TGF-
1B, PDGF, bFGF, and EGF [19]. To explore the target of Nox2 for
inhibiting angiogenesis, a real-time PCR was performed and knockdown
of Nox2 was found to promote the mRNA expression of VEGF-A.
Meanwhile, the LBW group showed a significant downregulation in
the mRNA and protein expression of VEGF-A. This finding suggested the
involvement of VEGF-A in the role of Nox2 in placental angiogenesis.
VEGF-A is the main mediator of angiogenesis in endothelial cells, which
induces endothelial cell proliferation and migration to form neovascular
[35]. Several VEGF-targeted therapies, especially Bevacizumab, were
widely used in antiangiogenic treatment. Here, we demonstrated that
the effect of Nox2 knockdown or inhibition on PVECs angiogenesis could
be reversed by interference with VEGF-A in vitro, which was in line with
a previous report that knockdown or inhibition of VEGF-A impairs
angiogenesis in vitro [19]. In addition, our results indicate that Nox2
knockdown induces VEGF-A dependent autocrine angiogenesis, which
was well supported by previous findings that boosting an autocrine
VEGF-VEGFR2 positive-feedback signaling loop led to amplified effect
of VEGF on angiogenesis, proliferation, and migration in vitro and in vivo

11

Redox Biology 45 (2021) 102051

[36].

The expression and secretion of VEGF-A are regulated by transcrip-
tion factors, and STAT3 is known to activate VEGF-A and promote its
secretion in cells [20]. Additionally, activation of STAT3 was shown to
regulate cell proliferation, migration, and angiogenesis [37]. Thus, we
examined the changes in the STAT3 signaling pathway in PVECs by
inhibition or overexpression of Nox2. Nox2 inhibition and over-
expression were found to markedly increase and decrease the phos-
phorylation of STAT3 and nuclear localization in cells, respectively.
Moreover, the LBW group was lower than the NBW group in the
p-STATS3 protein level. IL-6, HIF-1a, and IL-8 are the downstream genes
of STAT3 [38], and consistent with the changes of p-STAT3, the mRNA
levels of these downstream genes were up-regulated in cells when Nox2
was inhibited, further indicating that Nox2 inhibition induced the
activation of STAT3. Small GTP-binding protein Racl, one of the
members of Nox2 holoenzyme, might be involved in the activation of
STATS3 induced by Nox2. A previous study mentioned that Racl induced
the phosphorylation of STAT3 on Ser-727 by activation of JNK or an
indirect mechanism involving the action of IL-6 [39]. Interestingly, we
found a slower degradation of p-STAT3 protein in the Nox2-knockdown
cells than in the control cells. The ubiquitin-proteasomal degradation is
one of major pathways for regulating protein stability. In a previous
study, polyubiquitylation and proteasomal modification were found to
reduce p-STAT3 degradation, thus contributing to increased p-STAT3
stability and angiogenesis [20]. These results suggest that
Nox2-knockdown could increase the stability of p-STAT3 protein via
disrupting its polyubiquitination and proteasomal proteolysis system.

Inhibiting the phosphorylation of STAT3 could completely reverse
the effect of Nox2 knockdown on VEGF-A expression and angiogenesis,
which was in line with a previous report of VEGF-independent angio-
genesis through STAT3 signaling [17]. These results demonstrate that
Nox2 knockdown induces VEGF-A mediated autocrine angiogenesis via
STAT3 in vitro. To address the role of STAT3 in VEGF-A dependent
autocrine angiogenesis in vivo, the BALB/c nude mice were given in-
jections of CM from Nox2 knockdown cells treated with STAT3 inhibi-
tor. We found that Nox2 knockdown failed to promote angiogenesis and
cell migration under the treatment of STAT3 inhibitor in vivo, which is
consistent with our hypothesis that STAT3 inhibition could decrease
Nox2 knockdown-induced VEGF-A expression, thus contributing to the
decrease of angiogenesis and migration. Consistent with our study, a
previous study stated that an autocrine VEGF signaling is required for
vascular homeostasis [40]. Taken together, our results support that
STAT3/VEGF-A plays a central role in Nox2 inhibition of angiogenesis in
vitro and in vivo.

Many questions remain to be further clarified. In the present study,
Nox2 overexpression was shown to decrease STAT3 phosphorylation
and nuclear localization in cells, thereby decreasing the expression of
STAT3-targeting genes including VEGF-A (Supplemental Fig. S4).
However, the mechanism by which Nox2 regulates STAT3 phosphory-
lation remains to be elucidated. Meanwhile, immunoprecipitation
analysis showed no interaction between Nox2 and STAT3, indicating
Nox2 regulates STAT3 in an indirect way. Mitochondrial ROS accumu-
lation has been reported to inhibit the STAT3 pathway [22], and Nox2 is
shown to exist in intracellular compartments or plasma membranes and
induce the production of mitochondrial ROS by activating reverse
electron transfer, and the enhanced production of mitochondrial ROS
further activates the cytoplasmic NADPH oxidases, thus increasing
cellular 0%~ production [41-43]. Racl also mediated the production of
mitochondrial ROS through Nox2 [44,45], and the increased mito-
chondrial ROS inhibited the activation of JAK kinase (an upstream ki-
nase of STAT3), thus inhibiting the activation of STAT3 [22,46].
Therefore, we suspected that Nox2 overexpression induces excessive
mitochondrial ROS generation to inhibit the STAT3 pathway. Here,
Nox2 overexpression was observed to increase mitochondrial ROS
generation, and the inhibitory effect of Nox2 overexpression on STAT3
pathway and angiogenesis was reversed by obliterating mitochondrial
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ROS. These results suggest that Nox2 is an important contributor to
excessive mitochondrial ROS production in PVECs and impairment of
STATS3 activation and angiogenic functions.

5. Conclusions

In summary, this is the first demonstration that Nox2 is highly
expressed in LBW placenta and reduces placental angiogenesis via a
mitochondrial ROS-STAT3-VEGF-A dependent mechanism (Fig. 8). This
study provides insights into the underlying molecular mechanisms of
Nox2 in regulating placental angiogenesis and facilitates the develop-
ment of therapeutic strategies for IUGR prevention.

Appendix A. Supplementary data
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Genes Primers Sequences (5, t0 3 ,) Size (bp)

bFGF Forward TCAAAGGAGTGTGTGCGAAC 296
Reverse CAGGGCCACATACCAACTG

EGF Forward ATCTCAGGAATGGGAGTCAACC 166
Reverse TCACTGGAGGATGGAATACAGC

Nox2 Forward TGTATCTGTGTGAGAGGCTGGTG 156
Reverse CGGGACGCTTGACGAAA

Nox4 Forward TGGAACGCACTACCAGGATG 202
Reverse TTCGGCACAATACAGGCACA

TGF-1p Forward CAAGGTCCTGGCTCTGTACA 150
Reverse CAGGAACGCACGATCATGTT

PDGF-C Forward GGAGTACAAGATCCCCAGCA 173
Reverse TCCAGCCCAAATCTCTCATC

VEGF-A Forward CCTCGGAGCGGAGAAAGCAT 126
Reverse TGTCACATCTGCAAGTACGTTCG

VEGF-B Forward CCTGATGATCCGGTACCCAA 205
Reverse AGTGGGATGGGTGATGTCAG

VEGF-C Forward AACAAGGAGCTGGATGAAGAG 104
Reverse CACTGGCATGAGTTTCTGTCTA

VEGF-D Forward GCTGTGGAGATGCCGACTGAAG 144
Reverse CACTGCGTCCTCTGCCATTCC

CytB Forward ATGAAACATTGGAGTAGTCCTACTATTTACC 141
Reverse CTACGAGGTCTGTTCCGATATAAGG

18S rRNA Forward ATTCCGATAACGAACGAGACT 144
Reverse GGACATCTAAGGGCATCACAG
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