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uncoupling through dihydrofolate
reductase in endothelial cells
after subarachnoid hemorrhage
Shu-Hao Miao1†, Sheng-Qing Gao2†, Hui-Xin Li3,
Yun-Song Zhuang1, Xue Wang2, Tao Li1, Chao-Chao Gao1,
Yan-Ling Han2, Jia-Yin Qiu2 and Meng-Liang Zhou1*
1Department of Neurosurgery, Jinling Hospital, Jinling School of Clinical Medicine, Nanjing Medical
University, Nanjing, China, 2Department of Neurosurgery, Jinling Hospital, Medical School of Nanjing
University, Nanjing, China, 3Department of Gynecology, Women’s Hospital of Nanjing Medical
University, Nanjing, China

Introduction: Endothelial nitric oxide synthase (eNOS) uncoupling plays a

significant role in acute vasoconstriction during early brain injury (EBI) after

subarachnoid hemorrhage (SAH). Astrocytes in the neurovascular unit extend

their foot processes around endothelia. In our study, we tested the hypothesis

that increased nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2)

expression in astrocytes after SAH leads to eNOS uncoupling.

Methods: We utilized laser speckle contrast imaging for monitoring cortical blood

flow changes in mice, nitric oxide (NO) kits to measure the level of NO, and a co-

culture system to study the effect of astrocytes on endothelial cells. Moreover, the

protein levels were assessed by Western blot and immunofluorescence staining.

We used CCK-8 to measure the viability of astrocytes and endothelial cells, and

we used the H2O2 kit to measure the H2O2 released from astrocytes. We used

GSK2795039 as an inhibitor of NOX2, whereas lentivirus and adeno-associated

virus were used for dihydrofolate reductase (DHFR) knockdown in vivo and

in vitro.

Results: The expression of NOX2 and the release of H2O2 in astrocytes are

increased, which was accompanied by a decrease in endothelial DHFR 12 h

after SAH. Moreover, the eNOS monomer/dimer ratio increased, leading to a

decrease in NO and acute cerebral ischemia. All of the above were significantly

alleviated after the administration of GSK2795039. However, after knocking down

DHFR both in vivo and in vitro, the protective effect of GSK2795039 was greatly

reversed.

Discussion: The increased level of NOX2 in astrocytes contributes to decreased

DHFR in endothelial cells, thus aggravating eNOS uncoupling, which is an

essential mechanism underlying acute vasoconstriction after SAH.

KEYWORDS

subarachnoid hemorrhage, acute vasoconstriction, endothelial nitric oxide synthase
uncoupling, nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2),
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1. Introduction

Subarachnoid hemorrhage (SAH), primarily caused by
ruptured aneurysm, is a common neurologically critical disease
with high morbidity and mortality (Macdonald and Schweizer,
2017). As more than half of the patients died within 48 h of SAH
and reversal of large-arterial spasm does not improve outcomes,
early brain injury (EBI) that occurs within 72 h after SAH seems
to be the main target of future research (Mayberg et al., 1994; Hop
et al., 1997; Wang et al., 2012). One of the main features of EBI after
SAH is a severe reduction in cerebral blood flow (CBF) (Adams
et al., 1981; Schubert et al., 2009). Acute vasoconstriction, which
has been observed in both experimental animals and patients after
SAH, is a putative mechanism responsible for the decreased CBF
in EBI (Bederson et al., 1995; Schubert et al., 2009; Yang et al.,
2018). However, the mechanisms underlying the formation of
acute cerebral vasoconstriction have not yet been fully elucidated,
and effective treatments for SAH are still being explored (Ayer and
Zhang, 2008).

Evidence suggests that oxidative stress is a factor leading to
vasoconstriction after hemorrhage, but the specific mechanism
by which oxidative stress regulates cerebral vasoconstriction still
requires further study (Macdonald and Weir, 1994; Ayer and
Zhang, 2008). As one of the main sources of reactive oxygen species
(ROS) after SAH, nicotinamide adenine dinucleotide phosphate
oxidase (NOX) has received extensive attention. To date, seven
NOX isoforms (NOX1-5 and DUOX1-2) have been discovered
(Cheng et al., 2001; Bedard and Krause, 2007). Among them,
nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2)
is highly expressed in cells throughout the central nervous
system, including astrocytes (Cheng et al., 2001; Zhang et al.,
2017). Several studies have found that increased NOX expression
in the cerebrovascular system is associated with ROS-mediated
vasospasm after SAH, while inhibition of NOX can reduce arterial
constriction and improve CBF (Shin et al., 2002; Paravicini and
Sobey, 2003; Miller et al., 2006). However, no previous study has
determined the specific mechanism of acute vasoconstriction after
SAH caused by increased NOX2 expression.

Reactive oxygen species, such as superoxide anion (O2
−), and

hydrogen peroxide (H2O2), are widely involved in cell signaling
(Thannickal and Fanburg, 2000; Thannickal et al., 2000; Waghray
et al., 2005). H2O2 is generally less reactive, longer-lived, and more
stable than other ROS such as O2

− in most biological environments
(Waghray et al., 2005). Normally, NOX2 produces O2

−, which is
converted to stable H2O2 by abundant, and ubiquitous extracellular
and extracellular superoxide dismutase (Marklund, 1984; Jung
et al., 2003). In addition, H2O2 is lipid soluble and can cross

Abbreviations: SAH, subarachnoid hemorrhage; EBI, early brain injury;
CBF, cerebral blood flow; ROS, reactive oxygen species; H2O2,
hydrogen peroxide; NOX, nicotinamide adenine dinucleotide phosphate
oxidase; NOX2, nicotinamide adenine dinucleotide phosphate oxidase
2; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; BH4,
tetrahydrobiopterin; DHFR, dihydrofolate reductase; BH2, dihydrobiopterin;
OxyHb, oxyhemoglobin; FAD, flavin adenine dinucleotide; LDH, lactate
dehydrogenase; TBS, Tris-buffered saline; PBS, phosphate buffered saline;
DAPI, 4′,6-diamidino-2-phenylindole; GFAP, glial fibrillary acidic protein;
GSK, GSK2795039; LV-shDHFR, lentivirus targeting DHFR; LV-shCtrl,
lentivirus containing scramble RNA; AAV-shDHFR, adeno-associated virus
targeting DHFR; AAV-shCtrl, adeno-associated virus containing scramble
RNA.

the plasma membrane to access targets in the cytoplasm to drive
intracellular signaling cascades. Aquaporin (AQP) is a membrane
protein that bidirectionally transports H2O and H2O2 across the
membrane (Winterbourn, 2018). AQP is expressed in the plasma
membrane and organelle membrane of cells throughout the animal
kingdom (Lindskog et al., 2016; Nauseef, 2019). It is reasonable to
guess that H2O2 released by astrocytes can enter endothelial cells.

It has been demonstrated that ROS generated by increased
NOX2 expression contributes to brain endothelial dysfunction
in angiotensin II-dependent hypertension, aging, and
hypercholesterolemia (Iadecola et al., 2009; Miller et al., 2010;
Chrissobolis et al., 2012). Nitric oxide (NO) is an important
mediator in maintaining normal cerebrovascular function. Both
clinical and experimental studies have shown a decline in NO
after SAH (Schwartz et al., 2000; Sehba et al., 2000; Terpolilli
et al., 2015, 2016). This early NO reduction is associated with
endothelial dysfunction and is an important mechanism for early
vasoconstriction in EBI (Sehba et al., 1999; Terpolilli et al., 2016).
Endothelial nitric oxide synthase (eNOS) is a well-known member
of the NOS enzyme family, which is highly expressed in endothelial
cells, and eNOS is the main source of NO produced by endothelial
cells (Förstermann and Sessa, 2012; Bendall et al., 2014). eNOS is a
homodimer that can be converted from the dimer producing NO
to the monomer producing superoxide anion in a process known
as eNOS uncoupling (Förstermann and Sessa, 2012). Although
the mechanism of eNOS uncoupling has not been fully elucidated,
oxidation of the eNOS cofactor tetrahydrobiopterin (BH4) appears
to be the main cause (Xia et al., 1998; Laursen et al., 2001).
Dihydrofolate reductase (DHFR) catalyzes the regenerated BH4
from dihydrobiopterin (BH2), the oxidized form of BH4, in several
cell types (Thöny et al., 2000). Moreover, studies have shown
that DHFR deficiency leads to eNOS uncoupling by decreasing
BH4 levels, thereby contributing to the development of vascular
disease (Oak and Cai, 2007; Gao et al., 2009). Therefore, we
hypothesized that this pathway may be involved in SAH leading to
acute vasoconstriction.

Neurons, astrocytes, and endothelial cells are the main cells in
the neurovascular unit, and they interact to ensure adequate levels
of CBF in all areas of the brain (Abbott et al., 2006); this is the
anatomical basis for the hypothesis that NOX2 in astrocytes may
induce endothelial dysfunction through eNOS uncoupling after
SAH, which was explored in this study.

2. Materials and methods

2.1. Animal preparation

All animal procedures were approved by the Jinling Hospital
Animal Care and Use Committee and were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (Publication
Nos. 80–23). Male C57/BL6 mice (6–8 w, 22–26 g) were purchased
from Nanjing University (Nanjing, China). These mice were kept
in an air-conditioned room with air humidity (50 ± 10%) and
constant temperature (26± 2◦C), under a 12 h light/dark cycle. All
animals were provided with adequate food and water.
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2.2. HA, hCMEC/D3, and in vitro SAH
model

Human astrocytes (HA) cells were purchased from BeNa
Culture Collection (Kunshan, China) and were cultured in a
medium containing 90% high glucose DMEM, 10% fetal bovine
serum (purchased from Gibco BRL, Grand Island, NY, USA).
Human cerebral microvascular endothelial cells (hCMEC/D3)
were purchased from ABM technology (Zhenjiang, China) and
were cultured in a medium containing 89% Prigrow I Medium
(TM001), 10% fetal bovine serum, and 1% penicillin-streptomycin.
We created an in vitro SAH model by adding 20 µmol/L of
oxyhemoglobin (OxyHb) (H2625, Sigma-Aldrich, St. Louis, MO,
USA) to the above medium. The OxyHb we purchased from sigma
is a qualified product derived from bovine blood. The hCMEC/D3
cell line is a stable, extensively characterized, and well-differentiated
human brain endothelial cell line and it is suitable for research on
blood–brain barrier function and the response of brain vascular
endothelium to inflammation (Weksler et al., 2013).

2.3. In vivo SAH model

An experimental SAH model was established by injecting
autologous arterial blood into the prechiasmatic cistern of the
optic chiasm as described previously, with minor modifications
(Deng et al., 2021). The mice were anesthetized using 100% O2
containing 2% isoflurane and fixed on a stereotaxic apparatus
while maintaining anesthesia with 1% isoflurane. Under sterile
conditions, we made an incision in the midline of the mouse scalp
to expose the skull and subsequently drilled a 0.9 mm depth hole
which located 4 mm in front of the bregma. A 27-gauge needle
was passed through the burr hole at a 40◦ angle to the base of
the skull. For the SAH group, 50 µl non-heparinized autologous
femoral arterial blood was slowly injected into the prechiasmatic
cisterna of mice using a syringe pump over 40 s. For the sham
group, we injected an equal volume of normal saline. The 27-gauge
needle was gently withdrawn 2 min after the blood/saline injections
to prevent the backflow of blood and the leakage of cerebrospinal
fluid. After sealing the hole using bone wax, the incision was
sutured immediately. After injection, we monitored the mice for
40 min for recovery and then returned to their cages.

2.4. Experimental design

The schematic diagram of experimental design is demonstrated
in Supplementary Figure 1. Our research is containing in vivo
and in vitro parts. For the in vivo experiments, we first used
laser speckle contrast imaging (LSCI) to compare the CBF of
the sham and the 12 h groups after SAH (n = 6 each group).
The mice in sham group were euthanized 12 h after operation
(n = 6). We measured the time change of NOX2 expression in
the temporal lobe of mice, and the change of NO and DHFR
levels in endothelial cells extracted from the temporal lobe (12 h,
24 h, and 3 days; n = 6 each group). According to the results of
the above experiments, we chose 12 h for further experiments.
Then, 12 mice were randomly divided into sham group (n = 6),

and 12 h group (n = 6), and collected their brain samples
for immunofluorescence staining (Supplementary Figure 1A).
To verify the hypothesized pathway, the mice were randomly
divided into the following six groups: SAH, Vehicle + SAH,
GSK + SAH(1), GSK + SAH(2), AAV-shDHFR + GSK + SAH,
and AAV-shCtrl + GSK + SAH groups. For GSK/Vehicle + SAH
group, two hours after the injection of GSK/Vehicle into the
lateral ventricle of mice, we began to induce experimental SAH
in vivo. For AAV-shCtrl/AAV-shDHFR + GSK + SAH group, AAV-
shCtrl/AAV-shDHFR were administrated via tail vein injection
14 days before GSK injection. Before euthanasia of the mice in the
above experiment, Neurological Score (n = 6 each group) and LSCI
(n = 6 each group) were performed. As previously mentioned, their
temporal lobe samples were gathered for NO content measurement
(n = 6 each group), Western blot (n = 6 each group) and
immunofluorescence staining (n = 6 each group) (Supplementary
Figure 1B). For in vitro experiments, HA cells contained five
groups: Control, OxyHb(1), OxyHb(2), Vehicle + OxyHb, and
GSK + OxyHb groups. hCMEC/D3 cells contained the Control
group and the OxyHb group. HA cells were co-cultured with
hCMEC/D3 cells to explore the effect of astrocytes on endothelial
cells, and the co-cultured cells were divided into six groups:
AS + OxyHb, AS + Vehicle + OxyHb, AS + GSK + OxyHb(1),
AS + GSK + OxyHb(2), LV-shCtrl + AS + GSK + OxyHb,
and LV-shDHFR + AS + GSK + OxyHb groups. In the
AS + Vehicle/GSK + OxyHb group, after using GSK/Vehicle
alone on astrocytes for 2 h, we co-cultured astrocytes with
endothelial cells and replaced the medium containing GSK/Vehicle
with the medium containing OxyHb without GSK/Vehicle. We
used DMSO as the vehicle in the in vitro experiments, and
the dose of GSK2795039 was 20 µmol/ml. For LV-shCtrl/LV-
shDHFR + AS + GSK + OxyHb groups, 48 h before co-culture,
LV-shCtrl/LV-shDHFR were added to hCMEC/D3 cell culture
medium. Vehicle/GSK were added to HA cell culture medium
2 h before co-culture. When HA cells were co-cultured with
hCMEC/D3 cells, the culture medium containing OxyHb without
GSK/Vehicle was replaced. The 6-well plates cultured cells were
collected for Western blot (WB, n = 6 each group) while their
corresponding culture medium of hCMEC/D3 cells was collected
to evaluate the NO level (n = 6 each group). We also collected
the medium of astrocytes to measure the amount of H2O2
released by astrocytes (n = 6 each group). In addition, we did
immunofluorescence staining (IF)in 12-well plates cultured cells
(n = 6 each group). We used 96-well plates to measure the
viability of astrocytes and endothelial cells (n = 6 each group)
(Supplementary Figure 1C).

2.5. Laser speckle contrast imaging

Laser speckle contrast imaging is based on blurring the
interference pattern of scattered laser light through the flow of
blood cells to instantaneously visualize blood perfusion in the
circulation. We have been measured CBF and other experimental
operations on mice on a constant temperature pad at 37◦C, and we
used air conditioning to maintain the room temperature at 28◦C.
Briefly, mice were anesthetized with gas anesthesia (2% isoflurane
in 100% O2), their heads were fixed in a stereotaxic frame, and
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they were subjected to continuous inhalation of 1% isoflurane
throughout the experiment. We made an incision in the midline
of the mouse scalp. The blood flow was detected by a CCD camera,
and image acquisition was performed using custom software. The
same regions of interest were selected for different cortical samples
and analyzed by two independent pathological researchers who
were blinded to the groupings.

2.6. Isolation of the brain vasculature

We isolated cerebral blood vessels in the temporal lobe of
brain, as previously published, with minor modifications (Bales
et al., 2016). After cerebellum and olfactory bulb were removed,
we homogenized the remaining brain tissue in 3 ml 4◦C sucrose
buffer (5 mM HEPES, 0.32 M sucrose, pH 7.4) with homogenizer.
Then the homogenate of brain samples was centrifuged at 1,000 g
for 12 min, after which the supernatant mainly containing neurons
and the dense white myelin sheath on the top of the granules
were discarded. Then we resuspended the particles in 3 ml 4◦C
sucrose solution and centrifuged them at 1,000 g for 12 min.
The final pellet, which contained numerous cerebral blood vessels,
was lysed in radioimmunoprecipitation assay which contained 1%
phenylmethanesulfonyl fluoride (PMSF) for WB or NO content
test.

2.7. Analysis of the intracellular NO
production

Nitric oxide content of the extracted cortical blood vessels or
culture medium was detected using a total nitric oxide assay kit
(S0024, Beyotime). In brief, 80 µl of the extracted sample was
added in a 96-well plate at room temperature, protected from light.
Then, 7.5 µl of 2 mM nicotinamide adenine dinucleotide phosphate
(NADPH), 15 µl of flavin adenine dinucleotide (FAD), and 7.5 µl
of nitrate reductase were added to the sample sequentially, mixed,
and incubated at 37◦C for 30 min. Subsequently, 15 µl of lactate
dehydrogenase (LDH) buffer and 15 µl of LDH were added, mixed,
and incubated at 37◦C for an additional 30 min. Finally, 50 µl of
Griess reagent I and 50 µl of Griess reagent II were added, mixed,
and incubated for 10 min at room temperature. The absorbance
of each well was measured at 540 nm using a microplate reader.
We quantified the protein content of the different samples and
compared the NO levels at the same protein concentration.

2.8. Western blot

For Western blot, cells, and tissues were lysed in
radioimmunoprecipitation assay buffer containing 1% PMSF
and 1% phosphatase inhibitor cocktail (P5726, Sigma-Aldrich).
The protein content was quantified using the Bicinchoninic acid
protein assay (BCA) kit (P0011, Beyotime). The molecular weight
of NOX2 is 60 kDa, the molecular weight of DHFR is 20 kDa, the
molecular weight of eNOS monomer is 140 kDa, and the molecular
weight of eNOS dimer is 280 kDa. The samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and transferred to polyvinylidene fluoride membranes. After the
membranes were blocked in 5% skim milk at room temperature
for 2 h, they were incubated with the following primary antibodies
at 4◦C overnight: anti-β-actin (1:5,000, 81115-1-RR, Proteintech,
Chicago, IL, USA), anti-eNOS (1:500, 9572, Cell Signaling
Technology, Danvers, MA, USA), anti-NOX2 (1:1,000, ab129068,
Abcam) and anti-DHFR (1:2,000, ab124814, Abcam, Cambridge,
MA, USA). The membranes were incubated using the appropriate
secondary antibody (1:10,000, 7074, Cell Signaling Technology)
for 1 h. The membrane is divided into distinct bands containing
β-actin and other proteins of interest. Finally, the immunoreactive
bands were detected using the enhanced chemiluminescence
system. ImageJ software (National Institutes of Health, Bethesda,
MD, USA) was used to analyze the relative densities of at least six
independent experiments.

2.9. Immunofluorescence staining

The mouse brain sections (6 µm) were incubated with primary
antibodies against NOX2 (1:200, ab133303, Abcam), DHFR (1:200,
ab124814, Abcam), GFAP (1:200, 2389127, Invitrogen, Carlsbad,
CA, USA), and CD31 (1:200, ab24590, Abcam) at 4◦C overnight.
GFAP is considered a standard marker of mature astrocytes and it
is often used to label astrocytes in IF. CD31 is also commonly used
to label endothelial cells in IF. So, we used CD31 as a marker to
distinguish endothelial cells and GFAP as a marker to distinguish
astrocytes. The brain slices were incubated using the corresponding
goat anti-rabbit IgG antibodies (1:250, SA00009-2, Proteintech) or
goat anti-mouse IgG (1:250, SA00013-1, Proteintech) for 1.5 h at
room temperature. Subsequently, the brain sections were sealed
with anti-fluorescence solution after incubated DAPI (C1005,
Beyotime) for 6 min. Finally, the sections were observed and
captured under the fluorescence microscope. Immunofluorescence
staining of hCMEC/D3 and HA was similar to brain sections after
fixing cells with 4% paraformaldehyde.

2.10. Co-cultures

The co-culture system consisted of lower and upper chambers
separated by a selectively permeable membrane (Corning,
Transwell 3450) with 0.4 µm-diameter pores. HA cells were plated
in the upper chamber, hCMEC/D3 cells were plated in the lower
chamber, and both were co-cultured to mimic neurovascular units.

2.11. Measuring cell viability

We measure cell viability using the Cell Counting Kit 8 (CCK-
8). HA was seeded in 96-well plates at a density of 5,000 cells/well,
and then treated as described in the experimental design for
different groups. Because 96-well plates cannot be used for co-
cultivation, we diluted different groups of hCMEC/D3 to the same
multiple after treatment and seeded them in 96-well plates. After
the cells were grown in the incubator for 24 h, they were washed
3 times with medium. Cells were subsequently incubated with
CCK-8 solution and culture medium (diluted 1:10) at 37◦C for
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2 h, and then the absorbance was measured at 450 nm with a
microplate reader.

2.12. Measurement of hydrogen peroxide

Hydrogen peroxide was measured in vitro using a hydrogen
peroxide detection kit (S0038, Beyotime) and 96-well plates as
previously described (Gao et al., 2022). Briefly, the media of
astrocytes after different groups of treatments were collected. We
added 50 µl of sample to each well, followed by 100 µl of detection
reagent, mixed them and incubated them at room temperature for
30 min. The absorbance of each well was measured at 560 nm using
a microplate reader, and then the hydrogen peroxide level in the
medium was calculated according to the standard concentration
curve.

2.13. Intracerebroventricular injection of
GSK2795039

The mice were anesthetized using 100% O2 containing 2%
isoflurane and their heads were fixed on a stereotaxic apparatus
while maintaining anesthesia with 1% isoflurane. Under sterile
conditions, an incision was made in the middle of the mouse
scalp to expose the skull, and drills were used to drill 1.0 mm
posterior to the bregma and 2.0 mm lateral to the bregma until
the dura was penetrated. The vehicle-diluted GSK2795039 (HY-
18950, MedChemExpress, NJ, USA) was injected vertically into
the lateral ventricle through the hole at a flow rate of 2 µl/min
using a syringe pump. For the vehicle group mice, an equal
volume of vehicle was injected into the lateral ventricle. In
the in vivo experiment, we mixed 10% DMSO, 40% PEG300,
5% Tween-80, and 45% saline as the vehicle, and the dose of
GSK2795039 was 3 mg/kg. We kept the vehicle and GSK2795039
in a 37◦C water bath before intraventricular injection. The needle
was left in place after injection for 5 additional min before
immediately sealing the drilled hole using bone wax. We observed
the mice for 1 h during recovery before proceeding to the next
experimental operation.

2.14. Lentiviral transfection

Lentiviral vectors which contained shRNA to
knock down DHFR (the targeted sequence was
CCUCUUCAGUAGAAGGUAATT; Lv-shDHFR) were obtained
from Hanbio Biotechnology (Shanghai, China) and 30%
proliferating fused hCMEC/D3 was incubated with the Lv-shDHFR
mixture for 48 h before the next experiment.

2.15. Neurological scoring

Neurological function was assessed in mice using a modified
Garcia Score by two investigators who were blinded to the
grouping, using the following six separate tests: locomotion,
symmetry of limb movements, forepaw extension, climbing,

body proprioception, and response to touch (Gao et al., 2020).
After calculating the total of the individual scores of all
tests, the lowest neurobehavioral score was 3 points, which
represented severely impaired neurological function, and the
highest score was 18 points, which represented normal neurological
function.

2.16. Statistical analysis

Statistical analysis was performed using Prism 8.02 (GraphPad
Software, La Jolla, CA, USA). For each group, the values are
expressed as the mean ± standard deviation (mean ± SD).
Statistical differences were determined using one-way analysis of
variance (ANOVA) when more than two groups were present.
When ANOVA showed a significant difference, Tukey’s post-
hoc test for multiple comparisons was applied to evaluate that
difference. When only two groups were compared, student
t-test was utilized. Statistical significance was inferred when the
p-value was <0.05.

3. Results

3.1. CBF, NO content, NOX2, DHFR, and
the ratio of eNOS monomer/dimer in the
temporal lobes of mice after SAH

We applied the prechiasmatic cistern injection model in vivo.
We found that the bottom of the brain of mice in the 12 h group was
filled with blood compared with the Sham group, demonstrating
that the injection model well mimics the situation after SAH in
humans (Figure 1A). We performed laser speckle examination on
the mice in the Sham and 12 h groups (Figure 1B). The analysis
results showed that compared to the sham group, the CBF of the
mice in the 12 h group decreased significantly (Figure 1C). We
examined the expression of DHFR, eNOS monomer, eNOS dimer,
and NO content in cerebral vessels isolated from the temporal
lobe. The results showed that compared to the Sham group, the
endothelial NO content in the mice in the 12 h groups decreased
significantly (Figure 1D). The results of Western blot showed
that the eNOS monomer/dimer ratio was significantly increased at
12 h after SAH, which indicated that the uncoupling of eNOS was
significantly increased 12 h after SAH (Figures 1E, F). The results
of Western blot showed that NOX2 was significantly increased
12 h after SAH (Figures 1G, H). Therefore, we chose to conduct
follow-up experiments 12 h after SAH. Likewise, we chose 12 h
after SAH as the time point for Immunofluorescence staining
analysis. Immunofluorescence staining showed the expression of
NOX2 in astrocytes, which was notably increased 12 h after SAH
(Figure 1K). The results of Western blot showed that compared
to the sham group, DHFR decreased significantly at 12 h, 24 h,
and 3 days after SAH, and the decrease was more obvious at
12 h (Figures 1I, J). Furthermore, Immunofluorescence staining
showed that DHFR was mainly located in endothelial cells, and
the expression of DHFR was significantly decreased 12 h after SAH
(Figure 1L).
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FIGURE 1

Cerebral blood flow, NO content, NOX2, DHFR, and the ratio of eNOS monomer/dimer in the temporal lobes of mice at different time courses after
SAH in mice. (A) Compared to the Sham group, there was a larger amount of blood at the bottom of the brains of the 12 h group mice.
(B) Representative LSCI images in these two groups. (C) Quantitative analysis of CBF in these two groups. Data are shown as mean ± SD (n = 6 mice
each group, ∗∗∗p < 0.001). (D) NO content in extracted endothelial cells of the Sham group and different time course groups after SAH. Data are
shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001). (E,F) Representative Western blot images and quantitative analysis of eNOS monomer
and eNOS dimer expression in the Sham group and different time course groups after SAH by ImageJ. Data are shown as mean ± SD (n = 6 mice
each group, ∗∗∗p < 0.001). (G,H) Representative Western blot images and quantitative analysis of NOX2 expression in the temporal lobes of the
Sham group and different time-course groups after SAH by ImageJ. Data are shown as mean ± standard deviation (n = 6 mice each group,
∗∗p < 0.01, ns: no statistically significant difference). (I,J) Representative Western blot images and quantitative analysis for endothelial DHFR
expression in the temporal lobe of mice in the Sham group and different time course groups after SAH by ImageJ. Data are shown as mean ± SD
(n = 6 mice each group, ∗p < 0.05, ∗∗∗p < 0.001, ns: no statistically significant difference). (K) Immunofluorescence images showed GFAP and NOX2
colocalization. All scale bars, 50 µm. (L) Immunofluorescence images showed CD31 and DHFR colocalization. All scale bars, 50 µm. CBF, cerebral
blood flow; eNOS, endothelial nitric oxide synthase; NOX2, nicotinamide adenine dinucleotide phosphate oxidase 2; GFAP, glial fibrillary acidic
protein; DHFR, dihydrofolate reductase.
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3.2. Release of H2O2 and NO, expression
of NOX2 and DHFR, and the ratio of
eNOS monomer/dimer in the SAH model
in vitro

Subsequently, we used the SAH in vitro model to verify the
above results. To explore the effect of astrocytes on endothelial
cells, we co-cultured endothelial cells with astrocytes (Figure 2A).
The data showed that the NO release from endothelial cells in
the lower chamber medium in the OxyHb group was significantly
lower than that in the control group and the NO in the medium
of AS + OxyHb group was lower than that in the OxyHb
group (Figure 2B). According to the results of Western blot,
the OxyHb group showed a significant increase in the ratio
of eNOS monomer/dimer in endothelial cells compared to the
control group (Figures 2C, D). More importantly, the eNOS
monomer/dimer ratio was significantly increased in endothelial
cells in the AS + OxyHb group when compared to the OxyHb
group (Figures 2C, D). The expression of DHFR also showed
opposite trends to those of the eNOS monomer/dimer ratios
(Figures 2E, F). Consistent with the results of Western blot,
Immunofluorescence staining indicated that DHFR expression
was significantly decreased in endothelial cells 12 h after SAH
(Figure 2G). Taken together, these findings indicate that the
presence of astrocytes increases endothelial cell eNOS uncoupling
after SAH. Simultaneously, we also found that the expression
of NOX2 in astrocytes increased significantly 12 h after adding
OxyHb (Figures 2H, I). Moreover, in line with the results
of Western blot, Immunofluorescence staining showed similar
changes in NOX2 expression in astrocytes from diverse groups
(Figure 2J).

3.3. Inhibition of NOX2 in astrocytes
recouples eNOS by increasing DHFR
expression in endothelial cells after
OxyHb stimulation: Lv-shDHFR largely
attenuated the protective effect of NOX2
inhibitors in the SAH model in vitro

Because the above in vivo and in vitro results were similar,
we set out to validate our pathway using NOX2 inhibitors and
Lv-shDHFR. To further verify the effect of NOX2 in astrocytes
on endothelial cells, we used GSK2795039 to inhibit NOX2 in
astrocytes and co-cultured astrocytes with endothelial cells. After
adding OxyHb for 12 h, we found no significant difference in
NO content, eNOS monomer/dimer ratio, and DHFR expression
in the AS + OxyHb and AS + vehicle + OxyHb groups but
surprisingly found that compared to the AS + OxyHb group, the
NO content was significantly increased in the AS + GSK + OxyHb
group (Figure 3A). The results of Western blot showed that
compared to the AS + OxyHb group, the eNOS monomer/dimer
ratio in the AS + GSK + OxyHb group was significantly
decreased (Figures 3B, C) and the expression of DHFR was
significantly increased (Figures 3D, E). Moreover, compared to
the AS + OxyHb group, the DHFR expression was significantly
increased in endothelial cells in the AS + GSK + OxyHb group

(Figure 3F). We found that there was no significant difference in
the viability of astrocytes in the OxyHb group, Vehicle + OxyHb
group, and GSK + OxyHb group (Supplementary Figure 2A).
However, we found that the viability of endothelial cells in
the AS + GSK + OxyHb group was significantly increased
compared with the AS + OxyHb group, while there was no
significant difference in the viability of endothelial cells between
the AS + OxyHb group and the AS + Vehicle + OxyHb group
(Supplementary Figure 2B). We found that compared with
the Control group, the H2O2 released from astrocytes in the
medium in the OxyHb group was significantly increased, while
compared with the OxyHb group, the H2O2 in the GSK + OxyHb
group was significantly decreased (Supplementary Figure 3).
This proves that a large part of H2O2 released by astrocytes
after SAH is mediated by NOX2. These findings demonstrate
that eNOS and DHFR are downstream effectors of NOX2 in
astrocytes.

We demonstrated the knockdown efficacy of Lv-shDHFR
in endothelial cells by Western blot (Figures 3G, H). The
results showed no significant difference in NO content or eNOS
monomer/dimer ratio in the AS + GSK + OxyHb and Lv-
shCtrl + AS + GSK + OxyHb groups. The Western blot results
showed that compared to the AS + GSK + OxyHb group,
the eNOS monomer/dimer ratio was significantly increased in
the Lv-shDHFR + AS + GSK + OxyHb group (Figures 3I, J).
Compared to the AS + GSK + OxyHb group, the amount of NO
released by endothelial cells was significantly decreased in the Lv-
shDHFR + AS + GSK + OxyHb group (Figure 3K). These results
demonstrate that knockdown of DHFR reduces the protective effect
of GSK2795039. These results also confirmed the existence of our
conjectured pathway.

3.4. NOX2 inhibitor increased CBF in
mice by recoupling eNOS after SAH

We then set out to validate our pathway in vivo. For in vivo
experiments, we injected GSK2795039 into the ventricles of mice
to inhibit NOX2. The laser speckle diagram showed that there was
no significant difference in CBF between the SAH group and the
vehicle + SAH group, however, compared to the SAH group, mice
in the GSK + SAH group had increased CBF (Figures 4A, B).
Simultaneously, we found no significant difference in endothelial
NO content, eNOS monomer/dimer ratio, and DHFR expression
in the SAH and vehicle + SAH groups. However, compared to
the SAH group, the endothelial NO content was significantly
increased in the GSK + SAH group (Figure 4C). Moreover, as
shown in the cell experiments, compared to the vehicle + SAH
group, the ratio of eNOS monomer/dimer and the expression
of DHFR were increased significantly in the GSK + SAH group
(Figures 4D–G). After injection of GSK2795039, the deteriorating
neurological function was also significantly relieved (Figure 4H).
Moreover, the results of Immunofluorescence staining showed that
compared to the vehicle group, the NOX2 inhibitor significantly
increased the expression of DHFR in endothelial cells (Figure 4I).
Similar to the results of cell experiments, these findings also
demonstrate that eNOS and DHFR are downstream effectors of
NOX2.
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3.5. Knockdown of DHFR in mice largely
attenuates the protective effect of NOX2
inhibitors after SAH

We first knocked down DHFR by injecting an adeno-associated
virus (AAV) into the tail vein of mice, and the knockdown
efficacy of AAV-shDHFR was demonstrated by Western blot
(Figures 5A, B). The laser speckle diagram demonstrates no
significant difference in CBF between the GSK + SAH and AAV-
shCtrl + GSK + SAH groups, however, compared to the GSK + SAH
group, mice in the AAV-shDHFR + GSK + SAH group had
increased CBF (Figures 5C, D). We also found no significant
difference in endothelial NO content and eNOS monomer/dimer
ratio between the GSK + SAH and AAV-shCtrl + GSK + SAH
groups. The data showed that compared to the GSK + SAH group,
the endothelial NO content was significantly decreased in the
GSK + AAV-shDHFR + SAH group (Figure 5E). The Western
blot results showed that the eNOS monomer/dimer ratio in the
GSK + AAV-shDHFR + SAH group was significantly increased
compared to that in the GSK + SAH group (Figures 5F, G).
The protective effect of GSK2795039 in attenuating neurological
deficits was also abolished by DHFR knockdown in endothelial cells
(Figure 5H). This result proves that DHFR is a downstream factor
of NOX2, and its knockdown counteracts the partial alleviation of
acute cerebral ischemia in SAH by NOX2 inhibitors.

4. Discussion

In the present study, we found that NOX2 of astrocytes was
increased after experimental SAH, contributing to the decreased
expression of endothelial DHFR and aggravated eNOS uncoupling,
which was an essential mechanism underlying the acute cerebral
ischemia after SAH. The mechanism diagram is shown in Figure 6.

We applied the prechiasmatic cistern injection model in vivo
by infusing quantitative amounts of fresh autologous blood into
the subarachnoid space under appropriate pressure. This closely
mimics the situation in humans with SAH where blood fills the
subarachnoid space and surrounds the main conducting arteries
(Sabri et al., 2009). The intravascular perforation model has the
disadvantages of difficulty to control bleeding volume and high
mortality (up to 50%) (Bederson et al., 1995). While the injection
model has a lower mortality rate, the mortality rate of each group of
mice in our in vivo experiments is listed in Supplementary Table 1.
Moreover, using the injection model, we can ensure a constant
infusion pressure as well as a quantitative blood volume (Matz et al.,
2000; Hansen-Schwartz et al., 2003). It ensures that the bleeding
intensity and the damage caused by each experiment are repeatable,
which is very important for the accuracy of our measurement of
CBF and other experimental results (Sehba et al., 2012).

Therapeutic strategies that inhibit ROS-generating enzymes or
scavenge ROS alleviate vasoconstriction in animal models of SAH
(Horky et al., 1998; McGirt et al., 2002b). Among various ROS
sources, such as NOX, cyclooxygenase, and xanthine synthase,
NOX is considered as the main source of ROS in the brain
(Ayer and Zhang, 2008). In experimental models of cerebral
ischemia, NOX2 knockout mice have smaller cerebral infarct size
and less blood-brain barrier disruption compared to wild-type mice

(DiNapoli et al., 2008; Cairns et al., 2012). Furthermore, hyperbaric
oxygen induces neuroprotection after SAH by downregulating
NOX2 and subsequently reducing oxidative stress (Ostrowski et al.,
2006b,c). We demonstrated that NOX2 in astrocytes was elevated
12 h after SAH, which was similarly demonstrated by Zhang et al.
(2017) who demonstrated that silencing NOX2 inhibited neuronal
apoptosis after SAH. We showed that elevated NOX2 expression
in astrocytes contributed to acute cerebral ischemia after SAH.
A previous study demonstrated that the application of the NOX
inhibitor diphenyleneiodonium in the cisterna magna can partially
attenuate cerebral vasospasm (Shin et al., 2002). Our experiments
also demonstrated that the application of the NOX2 inhibitor,
GSK2795039, effectively alleviates acute cerebral ischemia.

In the brain, astrocytes produce and release various molecular
mediators, such as prostaglandins and arachidonic acid, that
regulate vessel diameter (Iadecola and Nedergaard, 2007; Gordon
et al., 2011; Liu and Chopp, 2016). It has been shown in the
literature that NADPH oxidase autocrine and paracrine H2O2
play a signaling role in various biological environments (Lambeth
and Neish, 2014; Breitenbach et al., 2018). Similarly, it has been
documented that the ROS produced by NADPH oxidase in the
adventitia enters the inner side of the blood vessel and causes
intimal hypertrophy, and other experiments have shown that the
diffusion of H2O2 produced by the adventitia causes contraction
of the abdominal aorta in mice (Wang et al., 1998; Di Wang et al.,
1999; Rey et al., 2002). We also demonstrated that astrocytes can
release H2O2 into the medium, which may enter endothelial cells
through diffusion and AQP. Our results and these findings above
suggest that astrocytes can release H2O2 into endothelial cells to
mediate eNOS uncoupling.

There is evidence that persistent oxidative stress leads to
the uncoupling of eNOS, reducing its production of NO, while
increasing evidence suggests that NOX plays a key role in the
phenomenon of eNOS uncoupling (Landmesser et al., 2003;
Förstermann and Münzel, 2006; Förstermann, 2008, 2010). It
has been demonstrated that NOX activation occurs upstream
of eNOS uncoupling in endothelial cells in diabetic mice and
ischemia/reperfusion-injured hearts (Chalupsky and Cai, 2005;
Oak and Cai, 2007). We also demonstrated that inhibition of NOX2
after SAH resulted in reduced uncoupling of eNOS.

Numerous experiments have shown that endothelial DHFR
deficiency leads to decreased BH4 and eNOS uncoupling in many
cardiovascular diseases, including hypertension, aortic aneurysm,
and diabetic vascular complications (Gao et al., 2012; Youn et al.,
2012; Li et al., 2019). Another previous experiment showed that
restoring DHFR can recouple eNOS to lower blood pressure (Li
et al., 2015). We demonstrate that, after SAH, there is a decrease
in DHFR expression in endothelial cells that leads to eNOS
uncoupling, which subsequently leads to acute cerebral ischemia.

Both our research and that of several other studies have
demonstrated an increase in eNOS uncoupling after SAH by a
decrease in NO and an increase in the eNOS monomer/dimer ratio
(Sabri et al., 2011a,b). It has been shown that 3 h after SAH, eNOS-
deficient mice have less microvascular perfusion and increased
microvascular spasm compared to wild-type mice (Lenz et al.,
2021). However, SAH treatment with simvastatin, a compound
that increases eNOS expression in cerebral blood vessels, alleviates
cerebral vasospasm in a mouse model of SAH (McGirt et al., 2002a).
An article from our laboratory and our study showed that DHFR
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FIGURE 2

Alterations in NO release, NOX2 and DHFR expression, and eNOS monomer/dimer ratio in endothelial cells after SAH. (A) Diagram of co-culture of
HA and hCMEC/D3 cells. (B) NO released by endothelial cells among different experimental groups. Data are shown as mean ± SD (n = 6 each
group, ∗∗∗p < 0.001, ns: no statistically significant difference). (C,D) Representative Western blot images and quantitative analysis of eNOS monomer
and eNOS dimer expression by ImageJ. Data are shown as mean ± SD (n = 6 each group, ∗∗p < 0.01, ∗∗∗p < 0.001). (E,F) Representative Western
blot images and quantitative analysis of endothelial DHFR expression by ImageJ. Data are shown as mean ± SD (n = 6 each group, ∗∗p < 0.01). (H,I)
Representative Western blot images and quantitative analysis of astrocytes NOX2 expression by ImageJ. Data are shown as mean ± SD (n = 6 each
group, ∗∗p < 0.01). (G) Immunofluorescence images showed the co-localization of CD31 and DHFR. All scale bars, 50µm. (J) Immunofluorescence
images showed GFAP and NOX2 colocalization. All scale bars, 50 µm.

was significantly decreased at 12 h, 24 h, and 3 days after SAH
while eNOS uncoupling was significantly increased at 12 h, 24 h,
and 3 days after SAH. This may indicate that eNOS uncoupling
occurs before 12 h after SAH, which may be a direction worthy

of further investigation (Gao et al., 2022). Our study demonstrated
that inhibition of NOX2 decreased eNOS uncoupling after SAH,
resulting in elevated NO and reduced acute cerebral ischemia in
mice. Taken together, these findings provide evidence that eNOS
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FIGURE 3

In vitro, inhibition of NOX2 in astrocytes after SAH recouples eNOS by increasing the expression of DHFR in endothelial cells. In vitro, LV-shDHFR
largely attenuated the protective effect of NOX2 inhibitors after SAH. (A) NO released by cells among different experimental groups. Data are shown
as mean ± SD (n = 6 each group, ∗∗∗p < 0.001, ns: no significant difference). (B,C) Representative Western blot images and quantitative analysis of
eNOS monomer and eNOS dimer expression by ImageJ. Data are shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001, ns: no statistically
significant difference). (D,E) Representative Western blot images and quantitative analysis of endothelial DHFR expression by ImageJ. Data are
shown as mean ± SD (n = 6 each group, ∗∗p < 0.01, ns: no statistically significant difference). (F) Immunofluorescence images showed CD31 and
DHFR colocalization. All scale bars, 50µm. (G,H) Representative Western blot images and quantitative analysis of endothelial DHFR expression by
ImageJ. Data are shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001). (I,J) Representative Western blot images and quantitative analysis of eNOS
monomer and eNOS dimer expression by ImageJ. Data are shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001). (K) NO released by cells among
different experimental groups. Data are shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001, ns: no statistically significant difference).
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FIGURE 4

In vivo, NOX2 inhibitors increased CBF in mice by recoupling eNOS after SAH. (A) Representative LSCI images among different experimental groups.
(B) Quantitative analysis of CBF among different experimental groups. Data are shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001, ns, no
statistically significant difference). (C) NO content in extracted endothelial cells among different experimental groups. Data are shown as mean ± SD
(n = 6 mice each group, ∗∗p < 0.01, ns: no statistically significant difference). (D,E) Representative Western blot images and quantitative analysis of
eNOS monomer and eNOS dimer expression by ImageJ. Data are shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001). (F,G) Representative
Western blot images and quantitative analysis of endothelial DHFR expression by ImageJ. Data are shown as mean ± SD (n = 6 mice each group,
∗∗∗p < 0.001). (H) Modified Garcia Score among different experimental groups. Data are shown as mean ± SD (n = 6 mice each group, ∗∗p < 0.01,
ns: no statistically significant difference). (I) Immunofluorescence images showed CD31 and DHFR colocalization. All scale bars, 50µm.

coupling plays an important role in maintaining proper vascular
function after SAH.

Cell interactions in neurovascular units are complex, with
one study showing that SAH increases the amplitude of astrocyte
terminal Ca2+ oscillations and induces parenchymal arteriole
constriction (Pappas et al., 2015). We used co-culture techniques
to explore the role of astrocytes in endothelial cells and to link
oxidative stress and endothelial dysfunction after SAH. Our study
is the first to demonstrate that in SAH, elevated NOX2 expression
in astrocytes leads to decreased DHFR expression and subsequent
eNOS uncoupling in endothelial cells.

At present, there are two methods for measuring cerebral
perfusion: (1) The more intuitive methods for evaluating
cerebral perfusion include traditional measurement of Intracranial
pressure (ICP)/cerebral perfusion pressure (CPP), optical methods
including LSCI, transcranial Doppler (TCD), CT perfusion
imaging (PCT), For example, PCT mainly conducts qualitative
and quantitative analysis through hemodynamic parameters
such as cerebral blood volume and mean transit time. (2)
Indirect assessment of CBF adequacy by monitoring global or
regional oxygenation and metabolism (jugular venous oxygen
saturation, regional cerebral oxygen saturation, and microdialysis)
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FIGURE 5

In vivo, knockdown of DHFR partially counteracted the effect of NOX2 inhibitors on relieving acute cerebral ischemia in SAH. (A,B) Representative
Western blot images and quantitative analysis of endothelial DHFR expression by ImageJ. Data are shown as mean ± SD (n = 6 mice each group,
∗∗∗p < 0.001). (C) Representative LSCI images among different experimental groups. (D) Quantitative analysis of CBF among different experimental
groups. Data are shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001, ns: no statistically significant difference). (E) NO content in extracted
endothelial cells among different experimental groups. Data are shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001, ns: no statistically
significant difference). (F,G) Representative Western blot images and quantitative analysis of eNOS monomer and eNOS dimer expression by ImageJ.
Data are shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001). (H) Modified Garcia Score among different experimental groups. Data are
shown as mean ± SD (n = 6 mice each group, ∗∗∗p < 0.001, ns: no statistically significant difference).

(Artru et al., 2004; Rao and Durga, 2011; Mir et al., 2014; Deffieux
et al., 2018). LSCI provides high-resolution images with a large
field of view, so we chose LSCI to directly measure CBF in mice
(Dunn, 2012). ICP rises with the release of blood in the brain after
SAH, rising to the level of mean arterial pressure within 1 min
after SAH. The ICP then drops above but close to its physiological
level within minutes (Grote and Hassler, 1988). Concurrently,
CPP decreases, and CBF decreases, which leads to severe cerebral
ischemia (Cahill et al., 2006; Ostrowski et al., 2006a). CPP is the
difference between mean arterial pressure and ICP. Both ICP and
CPP are important indicators related to CBF. CBF is determined by

CPP and cerebrovascular resistance (CVR). CVR is determined by
the diameter and length of blood vessels and the viscosity of blood
(Fan et al., 2022). It has been widely documented that the presence
of acute vasoconstriction in SAH can reduce CBF by reducing the
diameter of blood vessels.

The temporal order in which early microvascular constriction
occurs has been roughly elucidated in experimental studies using
histological techniques and in vivo imaging (Plesnila, 2013). As
early as 5 min after SAH, the small blood vessels at the base
of the brain begin to constrict. Subsequently, intraparenchymal
and pial microvessels contract sharply within 24 h of SAH
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FIGURE 6

Schematic representation of the molecular mechanism of eNOS uncoupling in acute vasoconstriction after subarachnoid hemorrhage (SAH). In
SAH, the increased expression of NOX2 in astrocytes causes the cells to release excess H2O2, and H2O2 enters the endothelial cells to reduce the
expression of DHFR, which leads to the decrease of BH4, a key cofactor of eNOS. The decrease of BH4 increases the uncoupling of eNOS and
reduces its production of NO. This leads to acute cerebral ischemia after SAH, most likely by mediating acute vasoconstriction.

(Bederson et al., 1998; Sun et al., 2009; Friedrich et al., 2012). In
studies observing the cerebral vessels in patients and experimental
animals within hours after SAH, they showed that arteriolar
constriction reduced CBF by 60–80% (Uhl et al., 2003; Pennings
et al., 2004). Our experiments also demonstrated a sharp decrease
in CBF at 12 h after SAH by measuring CBF in mice using LSCI.

In EBI after SAH, not only early vasoconstriction but also
microvascular thrombus existed. Both mechanisms lead to an early
decline in CBF, but studies have shown a significant correlation
between vasoconstriction and microvascular thrombosis (Clarke
et al., 2020). Microvascular thrombosis almost only occurs in small
arteries with significant constriction. Dynamic imaging of arteriolar
constriction then demonstrates vessel constriction within seconds
after SAH, leading to secondary thrombus formation (Friedrich
et al., 2012). Another study showed that no microvascular
thrombosis was found in unconstricted blood vessels (Sabri
et al., 2012). These results may indicate that vasoconstriction
leads to thrombus formation, rather than thrombus occlusion of
microvessels causing their secondary constriction. Further, studies
have pointed out that 70% of arterioles in the brain after SAH
constricted and the proportion of blood vessel diameter decreased
by more than 30% (Friedrich et al., 2012). A 30% decrease in the
diameter of blood vessels leads to an approximately 80% decrease
in CBF, according to the Hagen–Poiseuille law. This is enough

to cause cerebral ischemia. At the same time, because half of the
observed small arteries have a stronger degree of constriction, and
the constriction of small arteries in blood vessels has the greatest
impact on blood flow, the number and degree of constriction of
small arteries can indicate that a large part of the decline in CBF
is due to vasoconstriction (Friedrich et al., 2012). The current
study shows that reduction of endothelial DHFR mainly results
in reduction of NO, a well-known factor promoting vasodilation,
in several diseases including SAH (Gao et al., 2009, 2022). So,
we can speculate that a large part of the decrease in blood flow
caused by the decrease in NO in our experiment is mediated by
vasoconstriction.

However, our study has some limitations. The types of
astrocytes we used were mixed. We did not repeat the validation
using fibrous or protoplasmic astrocytes or different cell lines. It
has been reported that the NOX2 protein level of astrocytes in the
perihematomal brain tissue of SAH patients is increased, and it has
been proved that the increase of NOX2 will produce excessive ROS
in many types of cells, and our experiments and supplementary
experiments also demonstrated the increased expression of NOX2
and the increased release of ROS in astrocytes (Marchetto et al.,
2008; Zhang et al., 2017; Nauseef, 2019). At the same time, both
fibrous and protoplasmic astrocytes have been shown to wrap
around cerebral blood vessels, so they both may secrete ROS into
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endothelial cells (Bozic et al., 2021). Many articles have proved that
the increase of ROS in endothelial cells will lead to the decrease
of DHFR and the uncoupling of eNOS (Li et al., 2019; Gao et al.,
2022). So even though the degree of DHFR reduction may vary with
increasing ROS content released by different cell lines or astrocyte
types, this would not rebut our conclusions. We will use different
types of astrocytes to verify the conclusion in future work.

Both NOX2 from astrocytes and uncoupled eNOS from
endothelial cells can release H2O2, and limited by technical
conditions, we could not distinguish the specific source of
H2O2 in the medium of co-cultivation after SAH. Meanwhile,
the measurement of ROS in vivo remains a challenge, which
may require confocal imaging techniques and ESR analysis.
However, the low levels and relatively short lifetime of ROS
make measurement difficult, and several processes and side effects
associated with laser exposure (such as photobleaching or opposite
effects of photoactivation) can make data difficult to analyze and
interpret (Fuloria et al., 2021). These existing technical problems
still need to be solved, and we will study how to solve these
problems in future research.

5. Conclusion

In conclusion, our study revealed a novel mechanism by
which oxidative stress leads to acute cerebral ischemia after
SAH, that is, elevated NOX2 expression in astrocytes leads to
eNOS uncoupling through endothelial DHFR downregulation.
This signaling pathway leads to a decrease in NO, which
contributes to acute cerebral ischemia after SAH most likely
by causing acute vasoconstriction. This signaling cascade may
represent a pervasive mechanism of eNOS uncoupling under
pathophysiological conditions associated with oxidative stress.
These findings are also highly translational in facilitating the
development of drugs for treating SAH.
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SUPPLEMENTARY FIGURE 1

Experimental schematic in vivo and in vitro. (A) Experimental design
diagram of the Sham group and the 12 h, 24 h, and 3 days groups after SAH.
(B) Experimental design diagram to explore signaling pathways in vivo. (C)
Experimental design diagram to explore signaling pathways in vitro. SAH,
subarachnoid hemorrhage; OxyHb, oxyhemoglobin; AS, astrocyte; WB,
Western blot; IF, immunofluorescence staining; H2O2, hydrogen peroxide;
NO, nitric oxide; LSCI, laser speckle contrast imaging; GSK, GSK2795039;
LV, lentivirus; AAV, adeno-associated virus.

SUPPLEMENTARY FIGURE 2

The viability of different groups of astrocytes and endothelial cells. (A)
Astrocyte viability among different experimental groups. Data are shown as
mean ± SD (n = 6 each group, ns: no statistically significant difference). (B)
Endothelial cell viability among different experimental groups. Data are
shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001, ns: no statistically
significant difference).

SUPPLEMENTARY FIGURE 3

The content of H2O2 released by astrocytes in the medium. (A) H2O2

released by astrocytes among different experimental groups. Data are
shown as mean ± SD (n = 6 each group, ∗∗∗p < 0.001). (B) H2O2 released
by astrocytes among different experimental groups. Data are shown as
mean ± SD (n = 6 each group, ∗∗∗p < 0.001, ns: no statistically
significant difference).
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