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Abstract

Introduction: Early brain injury (EBI) plays a key role in the devastating outcomes

after subarachnoid hemorrhage (SAH). Autophagy and apoptosis may share a common

molecular inducer that regulates the process of cell death. FoxO1, as a key regulator of

neuronal autophagy which is involved in apoptosis, has not been reported in SAH rats.

This workwas to investigate the protective and anti-inflammatory effects of FoxO1 on

EBI after SAH by regulating autophagy.

Methods: In this study, we constructed the SAHmodel. In experiment I, low dose (50 μl
of 1 × 108 IU/ml) or high dose (50 μl of 1 × 1010 IU/ml) of FoxO1 gene overexpressed

adenovirus vector was injected into the lateral ventricle of rats before SAH. In exper-

iment II, we reported the effect of FoxO1 overexpress on nerve function recovery,

oedema, BBB leakage, neuronal death in rats after SAH through autophagy regulation.

Post-SAH evaluation included neurological function score, brain water content, evans

blue exosmosis, pathological changes, inflammatory response and apoptosis.

Results: The experiment I showed that either low or high dose of ad-FoxO1 could sig-

nificantly improve nerve function, reduce cerebral water content and reduce blood-

brain barrier (BBB) destruction in rats, indicating that ad-FoxO1hadaprotective effect

on brain injury in rats EBI after SAH. In addition, ad-FoxO1 promoted autophagy in rat

hippocampal tissue, as evidenced by accumulation of LC3II/I and Beclin-1 and degra-

dation of p62. Furthermore, ad-FoxO1 inhibited the inflammatory response and apop-

tosis of rat hippocampal neurons after SAH. The experiment II showed that both ad-

FoxO1 and rapamycin attenuated the injury of nerve function in rats after SAH, and

this synergistic effect further reduced cerebral edema and evansblue extravasation,

decreased hippocampus neuronal cell apoptosis, and declined inflammatory response.

However, thiswas contrary to the results of chloroquine. These findings suggested that

FoxO1 regulated the neural function of EBI after SAH through the autophagy pathway.

Conclusions: The findings in this study was beneficial for identifying the novel thera-

peutic target for the treatment of SAH.

KEYWORDS

after subarachnoid hemorrhage, autophagy, early brain injury, FoxO1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Brain and Behavior published byWiley Periodicals LLC

Brain Behav. 2021;11:e2376. wileyonlinelibrary.com/journal/brb3 1 of 15

https://doi.org/10.1002/brb3.2376

https://orcid.org/0000-0001-8136-8293
mailto:zzuhht@163.com
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/brb3
https://doi.org/10.1002/brb3.2376


2 of 15 HAO ET AL.

1 INTRODUCTION

Subarachnoid hemorrhage (SAH) is a devastating subtype of hemor-

rhagic stroke with high mortality and disability (Gathier et al., 2015).

Some studies have pointed out that cerebral hemorrhage causes brain

edema, produces inflammatory damage, destroys the blood–brain

barrier (BBB), increases intracranial pressure, and eventually leads

to nerve cell necrosis (Yang J. & Wang, 2021; Zhang L. et al., 2021).

Accumulated evidence has shown that early brain injury (EBI) induced

by microglia activation releases a large number of inflammatory

cytokines, which can be used as a key indicator of the inflammatory

response in the brain (Li P., Li X. et al., 2020).

Autophagy is a highly regulated way of intracellular component

degradation, which plays an important role in maintaining normal cell

function, growth, and development (Yang Z. & Klionsky, 2010). A wide

range of intracellular and extracellular stimuli, including amino acid

deficiency and microbial invasion, can lead to an autophagic response.

Autophagy is associated with a variety of pathological processes,

including cancer and neurologic decline (Kim, 2021; Zhou et al.,

2021). Studies have shown that autophagy is a normal physiological

process in neurons, which is constitutively active at the basal level.

In animal models, the blocking of basal autophagy leads to the death

of neurons (Nikoletopoulou et al., 2015). Importantly, a large amount

of evidence indicates that there is an interaction between autophagy

and apoptosis (Guo D. et al., 2018; Li T. et al., 2015; Loos et al., 2011),

which play important roles in maintaining developmental processes,

tissue homeostasis, and the pathogenesis of many diseases. So far,

there is increasing evidence that the major molecular components

of autophagy and apoptosis signaling pathways are involved in com-

plex crosstalk, and they are usually induced by similar stimuli. For

example, experiments have shown that both apoptosis and autophagy

are activated in response to metabolic stress (Shliapina et al., 2021)

or exposure to reactive oxygen species (Poillet-Perez et al., 2015).

Besides, autophagy pathway in brain is activated after the experimen-

tal subarachnoid hemorhage (SAH), which plays an important role

in its EBI (Li X. et al., 2018). Autophagy precedes apoptosis, which

has a protective effect in the early stages of programmed cell death

(Jellinger & Stadelmann, 2000). However, it can also promote apopto-

sis in some cases (Zhu et al., 2021). Recently, it has been reported that

autophagy begins to increase at 6 h after SAH and continues through-

out the early stage of brain injury (Sun et al., 2019). However, the role

of autophagy in the pathogenesis of EBI following SAH is not fully

understood.

Forkhead box protein O1 (FoxO1) is an important member of the

FoxO transcription factor family,which regulates a variety ofmolecular

signals in tissues (Schiattarella & Altamirano et al., 2021). These tran-

scription factors are highly expressed in the brain and are the primary

mediators for regulating autophagy. Previous studies have shown that

FoxO1 decreases macrophage inflammation (Tsuchiya et al., 2011).

Besides, endogenous FoxO1 is a key pathway molecule for apoptosis

and autophagy due to oxidative stress (Zhao Y. et al., 2010), and also

a key regulator of autophagy in neurons (Vidal et al., 2012). Recently,

increasing evidence demonstrates that FoxO1 has a unique function in

inducing autophagy in variousdiseases (Hariharanet al., 2010;Heet al.,

2017).

However, it remains largely uncertain theexactmechanisms respon-

sible for the protective and anti-inflammatory effects of FoxO1 on

EBI after SAH by regulating autophagy. In this study, we investigated

the effect of FoxO1 overexpress on nerve function recovery, oedema,

BBB leakage, neuronal apoptosis, andautophagyactivation in rats after

SAH during EBI. This study may provide a theoretical basis for the

development of novel therapeutic targets for SAH treatment.

2 MATERIALS AND METHODS

2.1 Animal study

Male Sprague-Dawley rats (350–450 g) were purchased from the ani-

mal center of the Chinese Academy of Sciences (Beijing, China). Rats

weremaintained under standard laboratory condition,with free access

to food and water, and housed prior to experiments in an animal room

under standard conditions (23±2◦C; 55±5%humidity; 12h light/dark

cycle). The rats were free of all viral, bacterial, and parasitic pathogens.

Experimental animals were not used for breeding purposes. All animal

experiments were approved by the Ethics Committee of the First Affil-

iated Hospital of XinxiangMedical College.

2.2 Rat SAH model

The rat SAH model was designed by injecting blood into the prechias-

matic cistern as described previously (WangZ. et al., 2012). Briefly, rats

were anesthetized by an intraperitoneal injection of 3% pentobarbital

sodium (35 mg/kg). Subsequently, the prone position was fixed to

the stereoscopic locator, the forehead was routinely disinfected, the

surface skin was cut open, and the muscle and periosteum were dully

separated. Under the principle of aseptic operation, 0.3 ml of fresh

autogenous non-heparinized femoral artery artery blood was slowly

injected into the crossed anterior cistern for 20 s in the SAHgroupwith

an injection pump. The sham group underwent the same operation as

the SAH group, and only the injection of autogenous non-heparinized

femoral artery blood was replaced with an equivalent amount of 37°C
normal saline.

2.3 Experimental groups and drug administration

Two separate experiments were conducted in this study. Experiment I

was designed to assess the effect of FoxO1 on EBI after SAH induction

and determine the optimal dose of FoxO1 overexpressed adenovirus

for subsequent experiments. The rats were randomly divided into 4

groups: shamgroup, SAHgroup, FoxO1overexpressedadenovirus low-

dose (50 μl of 1 × 108 IU/ml) +SAH group, and FoxO1 overexpressed

adenovirus high-dose (50 μl of 1 × 1010 IU/ml) +SAH group, among

which the corresponding doses of FoxO1 overexpressed adenovirus
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were injected into the lateral ventricle of rats for 1 week before mold-

ing. In addition, the sham group was injected with the same amount of

adenovirus negative control (ad-NC) at corresponding sites.

Experiment II was designed to investigate the effect of FoxO1

overexpress on nerve function recovery, oedema, BBB leakage,

neuronal death in rats after SAH through autophagy regulation.

The rats were randomly divided into 7 groups: sham group, SAH

group, ad-FoxO1+SAH group, RAP+SAH group, CQ+SAH group, ad-

FoxO1+RAP+SAH group, and ad-FoxO1+CQ+SAH group, among

which the lateral ventricle dose of FoxO1 overexpressed adenovirus

was 50 μl of 1 × 1010 IU/ml/d, accompanied by the same amount of ad-

NC adenovirus injection in sham group, and the intraperitoneal dose

of autophagy inducer (rapamycin, RAP) or autophagy inhibitor (chloro-

quine, CQ) was 20 mg/kg/d, respectively. All drugs were administered

continuously for 1 week beforemolding.

All rats were sacrificed after 24 h of modeling. Hippocampal tissue

was immediately removed, rinsed with physiological saline solution,

and then stored at−80◦C prior to further analysis.

2.4 Neurobehavioral function assessment

ThemodifiedGarcia scoring systemwasused toblindmeasure theneu-

robehavioral function in this study, which was consistent with previ-

ous studies (Marbacher, 2016). In short, the evaluation included six test

items: spontaneous activity (score, 0–3), climbing (score, 1–3), forelimb

stretching (score, 0–3), spontaneous movements of all limbs (score, 0–

3), body proprioception (score, 1–3), and tactile response to vibration

(score, 1–3). The total neurological score was calculated as the sum of

all sectors, and the possible scores range from 3 to 18, depending on

the severity of the neurological defect. The lower the score, the more

severe the neurological impairment caused by SAH.

2.5 Brain edema measurement

The brain moisture content was determined by the standard wet-dry

method. Briefly, after the rats were sacrificed, the brains were immedi-

ately separated and weighed for weight determination. The brain was

thendried at 105◦C for 72h,which is called dryweight. Finally, the per-

centage of brain water content was calculated as follows: (Wet weight

−Dryweight)/Wet weight× 100%.

2.6 BBB permeability

BBBpermeabilitywas examinedby the extravasation of Evans blue dye

at 24 h after SAH. The anesthetized rats were intravenously injected

with 4% Evans blue (EB) solution (2.5 ml/kg) via the tail vein an hour

before the sacrifice. After 1 h of systemic circulation, thoracotomywas

performed and the heart was exposed after the capsule was removed.

With the infusion needle pierced the left ventricle, the ascending aorta

was inserted and the heart was fixed with bent forceps. Then, 0.1 M

PBS was infused into the left ventricle, keeping perfusion pressure

was controlled at 100 mmHg. When the infusion becomes clear, the

brain is severed to collect specimens. After weighing, the tissues of

the left and right hemispheres were immersed in formamide solution

in a ratio of 10 ml/kg, and then homogenized. The homogenate was

placed in a constant temperature water bath at 60°C and incubated

for 24 h. After EB leaching, the absorbance (A615) value of the leaching

solution was determined at the wavelength of 615 nm of the enzyme

marker (Thermo Fisher Scientific, MA, USA). The amount of Evans

blue in the brain tissue was calculated according to the standard

curve.

2.7 Western blot assay

Western blot analysis was performed to detect protein expression in

hippocampus tissues. Protein extraction kit (Pierce, Thermo Fisher,

Ltd.) was used to extract protein. The concentration of the sample was

determined according to the instructions of KCTMBCAprotein quanti-

tative kit. According to the total protein concentrationmeasured, equal

amounts of proteins (30 μg) with different molecular weights in the

lysate were then separated adopting 10% SDS-PAGE and transferred

onto PVDF membrane (Thermo Fisher Scientific, Inc.). Subsequently,

the membrane was blocked with 5% skim milk and probed with pri-

mary antibodies: rabbit anti-Bcl-2 (ab196495; 1:500), rabbit anti-Bax

(ab53154; 1:500), rabbit anti-Cleaved-Caspase3 (ab2302; 1:1,000),

rabbit anti-Cytochrome C (ab133504; 1:5,000), rabbit anti-Beclin-1

(ab207612; 1:2,000), rabbit anti-p62 (ab109012; 1:10,000), rab-

bit anti-LC3B (ab51520; 1:3,000), and rabbit anti-β-actin (ab8227;

1:1,000). The membrane was incubated with horseradish peroxidase-

labeled goat anti-rabbit immunoglobulin G (IgG;1:2000, ab205718)

at room temperature for 1 h. After X film exposure and develop-

ment, Bio-Rad automatic gel imaging system was used for imaging

preservation. Using ImageJ image analysis software to analyze gray

scale, the gray value of the target protein was divided by the internal

reference gray value to correct the error. The relative content of target

protein was analyzed statistically. β-actin was served as inner loading

control.

2.8 Histological examination

The tissue samples were carefully removed and fixed in 4% (v/v)

paraformaldehyde at room temperature for 48 h. The tissue was

embedded in paraffin and cut into 4-μm sections. The sections were

heated at 60◦C for 1 h and then dewaxedwith xylene. Following hydra-

tion, the sections were stained with 0.5% H&E at room temperature

for 5 min, dehydrated with gradient ethanol, cleared with xylene, and

mountedwithneutral gum.Opticalmicroscopy (BA400Digital,McAldy

industrial group co. LTD) was used to examine pathological changes

of the brain tissue (magnification, ×100 or ×400). The pathological

changes of hippocampal neurons were observed under the light micro-

scope.
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2.9 Toluidine blue staining

Toluidine blue staining was carried out as before. Simply, 2–3 mm

of hippocampal nerves were obtained from the proximal end of the

impaired hippocampal nerve. The nerves were immobilized in cold

glutaraldehyde (3% w/v) and infiltrated with a graded araldite epoxy

propane mixture. After dehydration with ethanol and 1% osmium

tetroxide, they were embedded in epon812 (Shell Chemical, CA,

USA). Subsequently, the ganglion segmentswere immobilized and then

stained with 1% toluidine blue. Finally, the results were examined by

light microscope (Olympus BX60, Tokyo, Japan). The DP12 camera

(Olympus) with 100 × oil-immersed objective lens was used for image

acquisition. Images Pro-Plus 3.0 (MediaCybernetics, Bethesda, MD,

USA)was used for image processing. The number ofmyelin axons in the

cavernous nerve was analyzed.

2.10 TUNEL staining

The neuronal apoptosis in hippocampus was detected by TUNEL stain-

ing. According to theTUNELkitmanual operation, the paraffin sections

of the dewaxed hydrated brain were sealed by 3% hydrogen peroxide

solution at roomtemperature for15min, onwhich0.1%citric acid solu-

tion containing 0.1% Triton X-100 was dropped, and then the samples

were placed on ice for reaction for 3 min. Subsequently, 50 μl TUNEL
reaction mixture was added to each sample and incubated at 37°C in

a wet box for 1 h. Another 100 ug/L DAPI was added for 8 min for

nuclear staining, afterward the visual field radiography was selected

under a fluorescence microscope (OLYMPUS, BX51TF). The apoptotic

cell count was performed by a pathologist who did not understand the

grouping. Apoptotic index was determined by the ratio of the number

of TUNEL positive neurons to the total number of neurons.

2.11 Determination of inflammatory factors IL-6,
TNF-α, COX2, and IL-1β levels in hippocampus

Levels of inflammatory factors IL-6 (ab100712), TNF-α (ab208348),

COX2 (ab210574), and IL-1β (ab197742) in hippocampus were deter-

mined by ELISA Kits all fromAbcam (Cambridge,MA, UK) according to

the manufacturer’s instructions. A blank well and a sample well were

set up respectively. The optical density (OD) of eachwellwasmeasured

at 450 nm, and the concentration of inflammatory cytokineswas quan-

tified in accordance with the standard curve.

2.12 Statistical analysis

Data were expressed as mean ± standard deviation. SPSS 17.0 (SPSS,

Inc., Chicago, IL, USA) was used for statistical evaluation. Student’s t-

test or one-way analysis of variancewas used to estimate the statistical

differences among groups. p< .05was considered to indicate a statisti-

cally significant difference.

3 RESULTS

3.1 Ad-FoxO1 alleviated brain edema and
improved neurological function during EBI following
SAH

To investigate the effect of FoxO1 on the SAH ratsmodels, high dose or

low dose ad-FoxO1 was administered continuously for 1 week before

SAH induction respectively, which would inform the optimum medic-

inal dose for ad-FoxO1 treatment in the subsequent studies. Twenty-

four hours following SAH induction, compared with the sham group,

the Garcia neurological score of SAH groups all showed a significant

decrease in different degrees. In addition, compared with the SAH

group, therewasa significantly gradient increasing trendofGarcia neu-

rological score in the AD-FOXO1 (lowdose)+SAHgroupand AD-FOXO1

(high dose)+SAH group, respectively. Clearly, the high-dose ad-FoxO1

(high dose) group showed the best improvement in Garcia neurological

score compared to the SAH group (Figure 1a).

The change of SAH is initially a physiological regulatory mecha-

nism to reduce intracranial hemorrhage, which can easily lead to brain

edema and eventually nerve cell damage (Guo S. et al., 2020; Zhang X.

S. et al., 2016). Therefore, determination of brainwater content in SAH

rat could investigate whether ad-FoxO1was effectively improved neu-

rological function. As shown in Figure 1b, at 24 h post-SAH, the brain

water content was markedly increased in SAH groups compared to

Sham group, while compared with ad-FoxO1 (high dose)+SAH group,

the brain water content of ad-FoxO1 (low dose)+SAH group and SAH

group increased significantly (Figure 1b).

Thedestructionof theBBB is a consequenceof apoptosis andnecro-

sis (Wei et al., 2020). Here, we used Evans bluemethod to evaluate the

degree of destruction of the BBB. As shown in Figure 1c, the content of

Evans blue extravasation in SAH groups was significantly higher than

that in Sham group. Compared with SAH group, there was a significant

decrease after administration of different doses of ad-FoxO1 by instil-

lation. Additionally, the greatest reduction of Evans blue content was

seen at the high doses (Figure 1c).

3.2 Ad-FoxO1 improved pathomorphology during
EBI following SAH

HE staining revealed the pathological changes of hippocampal neu-

rons in the rats. As regards the Sham group, there was no obvious

abnormality in the brain tissue of the Sham group, among which, the

pyramidal cell layer in the CA1 region of the hippocampus was densely

packed with cells, the morphology of neurons was normal, the color

of cell nuclei was lightly stained, and no obvious degeneration or

necrosis was observed (Figure 2a). Compared with the Sham group,

the other three groups of SAH model rats all had different degrees of

lesions, among which the SAH group had a large number of necrotic

or decreased vertebral cells, with smaller volume, deeper staining, and

cytosolic coagulation after cell necrosis. Ad-FoxO1 (low dose)+SAH

group and ad-FoxO1 (high dose)+SAH group had different degrees of
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F IGURE 1 Both low and high doses of ad-FoxO1 can alleviate brain edema and improve neurological function after SAH. (a) The neurological
function was evaluated by the Garcia neurological score after SAH. (b) Brain water content in each group. (c) Content of Evans blue extravasation
in each group. n= 6 in each group, *p< .05, **p< .01, ***p< .001, vs. sham group. #p< .05, ##p< .01, ###p< .001

alleviate symptoms, among which, both groups were accompanied by

smaller necrotic cells, whose nuclei were solidified and stained deeply

(Figure 2a). The vertebral cells in the low dose groupwere still partially

necrotic and disorganized. Although the number of vertebral somatic

cells in the high-dose group was partially reduced, it improved the

symptoms of SAH (Figure 2a).

The number of neurons in the hippocampuswas determinedby tolu-

idine blue staining. Toluidine blue staining results showed that there

wasnoobviousneuronal injury in the shamgroup.However,whencom-

pared with the sham group, rats in the SAH group were exhibited a

significant increase in the neuronal apoptosis index and a decrease in

the number of normal neurons. Ad-FoxO1 treatment, however, signifi-

cantly inhibited the number of apoptotic neuronswhen comparedwith

the SAH group. Additionally, rats treated with the high-dose ad-FoxO1

appeared to achieve less neuronal apoptosis compared to the low-dose

ad-FoxO1 treatment group (Figure2b,c). This suggested that ad-FoxO1

protected neurons from injury.

3.3 Ad-FoxO1 reduced positive neurons
apoptosis during EBI following SAH

Many experiments have shown that apoptosis may play an important

role in EBI (Liu L. et al., 2021). During cerebral ischemia, the concen-

tration of free radicals exceeds the local antioxidant capacity, causing

brain damage andvascularmembranedestruction, leading to cell apop-

tosis (Li X., LiuW. et al., 2020). As shown in Figure 3a,b, TUNEL-positive

cells were hardly detected in sham group, but many TUNEL-positive

cellswere detected in the hippocampal neuronal apoptosis of SAH rats.

However, low dose and high dose ad-FoxO1 both significantly reduced

the number of TUNEL-positive neural cells, with the high-dose group

maximizing the inhibition of apoptosis as the optimal dose. Further-

more, compared with SAH group, western blot results revealed that

high dose ad-FoxO1 significantly decreased the expression of Cleaved-

caspase3 andCytoCproteins. Besides, the lowdose andhigh ad-FoxO1

both significantly increased the expression of Bcl-2. In addition, the

expression of Bax showed no significant difference, although there

was a downregulation trend (Figure 3c,d). In summary, these data sug-

gested that ad-FoxO1 has a neuroprotective effect against apoptosis

on SAH.

3.4 Ad-FoxO1 attenuated the contents of
inflammation-related cytokines and promoted
autophagy during EBI following SAH

The effect of ad-FoxO1 on the release of inflammatory cytokines in

SAH rats was determined by ELISA assay. The results revealed that

the levels of IL-1β, IL-6, TNF-α, and COX2were significantly decreased
by ad-FoxO1 treatment compared with those in SAH group. Besides,

high-dose of ad-FoxO1 has no effect on the inflammatory response in

normal rats (Figure 4a–d). These results indicated that ad-FoxO1 can

improve inflammation of brain tissues in SAH rats.

At present, autophagy induction is considered to be an important

way to promote the removal of abnormal protein accumulation by neu-

rons, along with the maintenance of cell survival. However, it is not

clear whether ad-FoxO1 is involved in autophagy to improve neural

function in SAH rats. Conversion of LC3B-I to LC3B-II is an indica-

tor of autophagosome formation. p62 is an adapter protein that links

aggregated proteins sequestered in autophagosomes and is degraded

in autolysosomes. Therefore, increase level of p62 is usually consid-

ered an indicator of impaired autophagic flux. As is known from Fig-

ure 4e,f, the protein expressions of Beclin-1 and LC3II/I ratio increased

significantly in SAH group compared with the sham group, while the

protein expression of p62 decreased remarkably, suggesting that the

autophagy flux in the SAH rats may be activated. In addition, the pro-

tein expressions of Beclin-1 and LC3II/I increased significantly and

p62 decreased significantly in the low-dose or high-dose ad-FoxO1
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F IGURE 2 Both low and high doses of ad-FoxO1 can improve pathomorphology and protect neurons from injury. (a) HE staining showed the
pathomorphology of hippocampus following ad-FoxO1 treatment after SAH. (b) Toluidine blue staining showed the qualitative histological changes
of hippocampus following ad-FoxO1 treatment after SAH (400×). (c) The neurons number per unit area cell/mm2 showed a significant increase of
ad-FoxO1 treated group relative to SAH group in hippocampus. n= 6 in each group, ***p< .001, vs. sham group. ##p< .01, ###p< .001

group compared with the SAH group. Of these, the high-dose group

showed an optimal effect of promoting autophagy. This indicated that

the autophagy pathway was further promoted under the treatment of

ad-FoxO1 in SAH rats.

3.5 Ad-FoxO1 involved in autophagy regulation
to improve cerebral edema and nerve function during
EBI following SAH

The above confirmation indicates that ad-FoxO1 has a protective

effect on nerve within 24 h after SAH, so we speculate that the

increase of FoxO1 may have a self-protective effect on the body. In

addition, studies have shown that FoxO1, as an autophagy regulator,

can be used as protective autophagy to protect the body before 48 h

after SAH. Therefore, we investigated whether ad-FoxO1 had an

effect on neuronal function through involving in autophagy. Here,

we reported the regulation mechanism of the interaction between

ad-FoxO1 and RAP or CQ on EBI 24 h after SAH. Results showed that

the hippocampus Garcia neurological score of rats in sham group was

significantly higher than that of any other group, which consistent with

our expectations. The hippocampus Garcia neurological score of SAH

group was significantly lower than in RAP+SAH group, and signifi-

cantly higher than that in CQ+SAH group, which showed that RAP had

neuroprotective effects on rats 24 h after SAH,while CQhad the oppo-

site effect. Consistented with the above findings, SAH rats receiving

ad-FoxO1 showed a significant increase of Garcia neurological score.

It was interesting to note that, compared with the ad-FoxO1+SAH
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F IGURE 3 Effects of ad-FoxO1 on neural apoptosis in SAH rats. (a) Representative images of hippocampus following TUNEL staining,
TUNEL-positive cells were stained brown (400×). (b) Represents the change of neuronal apoptosis rate in each group. (c) Apoptosis-related
proteins were examined bywestern blotting assay. (d) The relative intensity of apoptosis-related proteins was shown as a bar graph. n= 6 in each
group, *p< .05, **p< .01, ***p< .001, vs. sham group. #p< .05, ##p< .01

group, the Garcia neurological score significantly increased in

ad-FoxO1+RAP+SAH group, while the Garcia neurological score

significantly decreased in ad-FoxO1+CQ+SAH group (Figure 5a).

As shown in Figure 5b, compared with the sham group, there

was a significant increase of brain water content in all the other

groups (except ad-FOXO1+RAP+SAH group). What’s more, com-

pared with the SAH group, there was a trend of significant decrease

of brain water content in the ad-FoxO1+SAH group, RAP+SAH

group, and ad-FoxO1+RAP+SAH group. Besides, compared with ad-

FoxO1+SAH group, the brain water content in ad-FoxO1+RAP+SAH

group significantly reduced, while the brain water content in the ad-

FoxO1+CQ+SAH group significantly increased. Furthermore, brain

water content in RAP+SAH group significantly higher than ad-

FoxO1+RAP+SAH group (Figure 5b).

Evans blue extravasationwas significantly higher in SAH group than

in sham group. SAH rats receiving either ad-FoxO1 or RAP treat-

ment showed a significant inhibition of Evans blue extravasation, while

SAH rats receiving CQ showed a significant increase of Evans blue

extravasation. Furthermore, compared with ad-FoxO1+SAH group,

ad-FoxO1+RAP+SAH group demonstrated a significant decrease of

Evans blue extravasation, while ad-FoxO1+CQ+SAH group demon-

strated a significant increase of Evans blue extravasation.What’smore,

the ad-FoxO1+RAP+SAH group showed a further reduction of Evans

blue extravasation compared to the RAP+SAH group. These results

suggested that ad-FoxO1 regulating autophagy had an effect on BBB

function of rats during EBI during SAH (Figure 5c). These results

revealed that ad-FoxO1 may be involved in autophagy regulation to

improve nerve function of rats after SAH.
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F IGURE 4 Effects of ad-FoxO1 on inflammatory factor and autophagy-related factors in SAH rats. (a) The content of IL-1β in each group. (b)
The content of IL-6 in each group. (c) The content of TNF-α in each group. (d) The content of COX-2 in each group. (e) Representative western blot
bands for autophagy-related proteins 24 h after SAH. (f) Relative protein expression of autophagy-related proteins in hippocampus in each group.
The results were presented as themean± standard deviation. n= 6 in each group, *p< .05, **p< .01, ***p< .001 vs. sham group. #p< .05, ##p< .01,
###p< .001 vs. SAH group. △p< .05 vs. ad-FoxO1 (low dose) group

F IGURE 5 Ad-FoxO1 alleviated brain edema and improved neurological function by regulating autophagy 24 h after SAH. (a) The neurological
function was evaluated by the Garcia neurological score after SAH. (b) Brain water content in each group. (c) Content of Evans blue extravasation
in each group. n= 6 in each group, **p< .01, ***p< .001, vs. sham group. #p< .05, ##p< .01, ###p< .001, vs. SAH group. ˆp< .05, ˆˆp< .01

3.6 Ad-FoxO1 involved in autophagy regulation
to improve pathomorphology and inhibited neuronal
apoptosis during EBI following SAH

HE staining results revealed that the sham-operated rats had a tightly

packed pyramidal layer of cells in the CA1 region of the hippocampus,

and its neurons were in normal shape, accompanied by light-colored

nuclei, with no obvious degeneration or necrosis of neurons. In the

SAH group, there were a large number of disarranged pyramidal cells

in the hippocampal CA1 region, some of which were necrotic, and

the necrotic cells were reduced in size and deepened in coloration,

along with a large number of cell fragments. Besides, compared with
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F IGURE 6 Ad-FoxO1 improved pathomorphology and inhibited the neuronal apoptosis by involving in autophagy after SAH. (a) HE staining
showed the pathomorphology of hippocampus after SAH. (b) Toluidine blue staining showed the qualitative histological changes of hippocampus
after SAH (400×). (c) The neurons number was calculated in terms of per unit area cell/mm2. n= 6 in each group, *p< .05, **p< .01, vs. sham group.
#p< .05, ##p< .01, vs. SAH group. ˆp< .05

SAH group, the ad-FoxO1+SAH group, RAP+SAH group, and ad-

FoxO1+RAP+SAH group had varying increase of necrotic vertebral

cells in CQ+SAH group and ad-FoxO1+CQ+SAH group, with the

greatest increase in CQ+SAH group.Moreover, comparedwith the ad-

FoxO1+SAHgroup, the pyramidal cells in the hippocampusCA1 region

of ad-FoxO1+RAP+SAH groupwere somewhatmore orderly andwith

a less necrotic number of pyramidal cells, while ad-FoxO1+CQ+SAH

groupwith amore disordered arrangement andmore necrotic number

of pyramidal cells (Figure 6a). These results indicate that ad-FoxO1

involving in autophagy regulation inhibited the degeneration and

necrosis of pyramidal cells and decreased the number of cone cell in

the hippocampal CA1 region.

The number of neurons in the hippocampuswas further determined

by toluidine blue staining to investigate the effects of ad-FoxO1 involv-

ing in autophagy regulation on the number of neurons in the hip-

pocampal CA1 region. It was confirmed that the number of neurons
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per unit area in SAH group were significantly lower than that in Sham

group. Besides, the number of neurons in ad-FoxO1+SAH group and

ad-FoxO1+RAP+SAHgroupwere significantly higher than that in SAH

group. In addition, compared with ad-FoxO1+SAH group, the number

of neurons was significantly increased in ad-FoxO1+RAP+SAH group

(Figure 6b,c).

3.7 Ad-FoxO1 involved in autophagy regulation
to reduce neuronal apoptosis during EBI following
SAH

Next, we examined whether ad-FoxO1 involved in autophagy regu-

lation to reduce the excessive neuronal apoptosis in the hippocam-

pus CA1 region by TUNEL staining. Obviously, rats in CQ+SAH group

showed higher percentage of TUNEL-positive than SAH group, and

rats in ad-FoxO1 group and RAP+SAH group showed lower percent-

age of TUNEL-positive than SAH group. Besides, compared to ad-

FoxO1+SAH group, there was a significantly reduction of neuronal

apoptosis number in ad-FoxO1+RAP+SAH group, and a significantly

increase of neuronal apoptosis number in ad-FoxO1+CQ+SAH group

(Figure 7a,b).

Moreover,westernblot results revealed that relative to shamgroup,

expressions of Bax, Cleaved-Caspase-3, and CytoC in SAH group sig-

nificantly increased, while expression of Bcl-2 in SAH group signifi-

cantly decrease. In terms of the Bax expression level, expression of

Bax had a significantly higher level in CQ+SAH group and a signif-

icantly lower level in ad-FoxO1+RAP+SAH group relative to SAH

group. Besides, Bax expression level in ad-FoxO1+RAP+SAH group

was significantly lower than that in ad-FoxO1+SAH group, and Bax

expression level in ad-FoxO1+CQ+SAH group was significantly lower

than that in CQ+SAH group. In terms of the Bcl-2 expression level,

expression of Bcl-2 had a significantly lower level in CQ+SAH group

and a significantly higher level in ad-FoxO1+RAP+SAH group relative

to SAH group. Besides, Bcl-2 expression level in ad-FoxO1+RAP+SAH

group was significantly higher than that in ad-FoxO1+SAH group and

in RAP+SAH group. In terms of the Cleaved-caspase3 expression level,

expressions of Cleaved-caspase3 in ad-FoxO1+SAH group, RAP+SAH

group, and ad-FoxO1+RAP+SAH group had significantly lower level

relative to SAH group. And compared with ad-FoxO1+SAH group,

expressionofCleaved-caspase3 in ad-FoxO1+CQ+SAHgroupwas sig-

nificantly increased. In terms of the CytoC expression level, expres-

sions of CytoC had significantly lower level in ad-FoxO1+SAH group

and ad-FoxO1+RAP+SAH group and a significantly higher level in

CQ+SAH group, relative to SAH group (Figure 7c,d).

3.8 Ad-FoxO1 involved in autophagy regulation
to attenuate the contents of inflammation-related
cytokines during EBI following SAH

To investigate whether ad-FoxO1 involved in autophagy regula-

tion to attenuate the inflammatory response during EBI follow-

ing SAH, inflammation-related cytokines were further detected by

ELISA. The results showed that, compared with the SAH group,

the levels of inflammation-related cytokines IL-1β, IL-6, TNF-α, and
COX2 decreased to different degrees in ad-FoxO1+SAH group and

RAP+SAH group, and increased to different degrees in the CQ+SAH

group. Besides, relative to ad-FoxO1+SAH group, the levels of COX2,

IL-1β, IL-6, and TNF-α had a significant downward trend in ad-

FoxO1+RAP+SAH group, and a significant upward trend in ad-

FoxO1+CQ+SAH group (Figure 8).

4 DISCUSSION

EBI after SAH refers to the occurrence of brain injury within 48 h

after SAH (Wang Z. et al., 2011), and the mechanism of brain injury

mainly starts from the pathophysiological changes in the brain caused

by cerebral hemorrhage. EBI contains a range of molecular mecha-

nisms, including the ischemic pathway, the apoptotic pathway, and the

inflammatory pathway, which ultimately leads to a common outcome:

cell death, BBB destruction, brain edema, and neuronal injury. Thus,

improving EBI has become the main interference target to reduce EBI

after SAH.

FoxO1 has been shown to play an important role in a variety of

cells and tissues (Schiattarella & Altamirano, 2021). In recent years,

this factor has been shown to be expressed in brain. In addition,

the up-regulation of FoxO1 expression is significant in improving

neuroprotective function. For example, further investigation showed

that the increase of FoxO1 is closely related with the inhibition of

necroptosis in microglia cells after traumatic brain injury (Zhao P.

et al., 2020). Besides, Calycosin-7-O-β-D-glucoside (CG) alleviates

OGD/R (oxygen-glucose deprivation/reperfusion)-induced brain injury

by up-regulating FoxO1 (Yan et al., 2019). Studies have shown that

endogenous FoxO1 is a key regulator of autophagy in neurons (Vidal

et al., 2012). FoxO1 has a unique function in inducing autophagy in

various diseases, among which FoxO1 gene knockout can significantly

inhibit autophagy (Friedman et al., 2021). Therefore, FoxO1 has a good

clinical application prospect in neuroprotection. So we speculate that

FoxO1 as a form of self-protection reduces inflammation and thus

protects the neural function of rats after SAH, and ad-FoxO1may have

a protective effect on the body through autophagy regulatory mech-

anisms. Studies have shown that apoptosis after SAH is an important

intracellular pathway leading to cell death and EBI, butwhether FoxO1

protects the body through autophagy regulation is unclear. In the

current study, we showed that FoxO1protected against EBI via further

promoting autophagy flux in a SAHmodel during EBI. Our data suggest

that ad-FoxO1 inhibits subsequent apoptotic insults, declines inflam-

matory response by promoting regulation of autophagy flow, and thus

protects the function of neurons and improves brain damage. It has

been reported that neuronal apoptosis is an important process leading

to various pathologies of EBI (Sun et al., 2019). As a highly conserved

biological phenomenon, the apoptosis degrades intracellular compo-

nents and helps maintain cell homeostasis (Meng et al., 2019). In addi-

tion, autophagy activation has been shown to protect neurons from
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F IGURE 7 Ad-FoxO1 involved in autophagy regulation to reduce neuronal apoptosis during EBI following SAH. (a) Representative images of
hippocampus following TUNEL staining, nucleus of apoptotic cells were stained brown (400×). (b) Represents the change of neuronal apoptosis
rate in each group. (c) Apoptosis-related proteins were examined bywestern blotting assay. (d) The relative intensity of apoptosis-related proteins
was shown as a bar graph. n= 6 in each group, *p< .05, **p< .01, ***p< .001, vs. sham group. #p< .05, ##p< .01, vs. SAH group. ˆp< .05, ˆˆp< .01,
ˆˆˆp< .001
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F IGURE 8 Ad-FoxO1 involved in autophagy regulation to attenuate the inflammatory factor during EBI Following SAH. (a) The content of
COX-2 in each group. (b) The content of IL-1β in each group. (c) The content of IL-6 in each group. (d) The content of TNF-α in each group. n= 6 in
each group, *p< .05, **p< .01, and ***p< .001 vs. sham group. #p< .05, ##p< .01 and ###p< .001, vs. SAH group. ˆp< .05, ˆˆp< .01, ˆˆˆp< .001

apoptosis after SAH. For example, recent studies have reported that

autophagy enhancers reduce apoptosis, while autophagy inhibitors

promote apoptosis after SAH induction (Guo D. et al., 2018; Li T.

et al., 2015). Autophagy is an important protective mechanism against

apoptosis in ischemic cell injury (Loos et al., 2011). Thus, the activation

of autophagy would avoid apoptosis of neurons in EBI after SAH (Guo

D. et al., 2018). Here, we provide a reasonable explanation for this

phenomenon. Our findings indicate that the autophagy-modulated

apoptosis pathway is an important target for in EBI after SAH.

To obtain deeper insights into the mechanism of how FoxO1

protects the function of neurons and improves brain damage in SAH-

induced neurological deficits during EBI. We analyzed the effect of

FoxO1 overexpress on nerve function recovery, oedema, BBB leak-

age, neuronal apoptosis, and autophagy activation in rats after SAH

during EBI. In this study, either low or high dose of ad-FoxO1 could

significantly improve nerve function, reduce cerebral water content

and reduce BBB destruction in rats, indicating that ad-FoxO1 had a

protective effect on brain injury in rats EBI after SAH, with an optimal

neuroprotective effect highlighted by the high dose of ad-FoxO1.

Studies have shown that FoxO1 is upregulated after improvement of

craniocerebral trauma (TBI). Stable knockdown of FoxO1 can increase

the level of necroptosis after microglia damage (Zhao P. et al., 2020),

and we speculate that it may be upregulated through autophagy for

protective effects. One possible explanation is that in the hyperacute

phase after SAH, injury-related clearance systems, such as autophagy,

are activated. FoxO1 is an autophagy regulatory gene, and its expres-

sion is increased to initiate autophagy flow patency, thus achieving a

self-regulatory mechanism to protect the body.

EBI after SAH involves a complicated pathophysiological process

that involves a large number of pathways and factors. A variety of cell

death mechanisms were linked to the pathogenesis of SAH, such as

extrinsic and intrinsic apoptosis, (regulated) necrosis, and autophagy.

A prominent feature of necrotic apoptosis is cell rupture, which can be

identified by HE staining. HE staining results showed that the necrotic

nerve cells in hippocampal tissues were mainly neurons. Toluidine

blue staining was used to further identify the number of necrotic

neurons. In addition, apoptosis of neuronal necrosis was observed by

TUNEL staining. These results all suggest that ad-FoxO1 has a certain

correlation with neuronal necrotic apoptosis. In SAH rats, there are

different degrees of apoptosis in hippocampus, BBB, and vascular sys-

tem (Wei et al., 2020). It has been suggested that many experimental

approaches protect against SAH-induced brain injury by modulating

caspas-dependent neuronal death (Wang W. et al., 2019; Zhang Z.

et al., 2018). Some scholars have found that apoptosis inhibitors can

reduce the apoptosis of neurons to improve EBI after SAH (Gao et al.,

2008). In this study, we found that ad-FoxO1 involved in the apoptosis

pathway of hippocampal tissues in the process of SAH rats during EBI.

Bcl-2 family proteins are the main regulatory factors in the process of

apoptosis, mainly including apoptotic inhibitory proteins such as Bcl-2

and pro-apoptotic proteins such as Bax (Zhang Z. et al., 2018). In SAH,

Bax expression was significantly increased, leading to an increase in

Bax-induced mitochondrial membrane permeability, followed by the

release of CytochromeC andCaspase9, which promoted the increased

expression of activated Caspase-3 and eventually led to neuronal

apoptosis (Chen et al., 2014; Cho et al., 2015).

Our observation is therefore consistent with the general view set

out above that the imbalance of Bcl2 and Bax protein expression after

SAH was improved and apoptosis was reduced by treatment with ad-

FoxO1. Thus, inhibition of apoptosis in brain cells after SAH is consid-

ered to be an important link in the treatment strategy of SAH (Liu H.

et al., 2016).

These apoptotic cells eventually undergo secondary necrosis,

releasing pro-inflammatory alarmins and affect the surrounding cells

and environment. Other studies confirmed that the inflammatory

response was also involved in the development of EBI (Zhang Z. Y.

et al., 2017). Under the double influence of increased intracranial

pressure and decreased cerebral blood flow, peripheral immune

cells of rats after SAH infiltrated into brain tissues and released a

large number of pro-inflammatory factors, which not only damaged

peripheral brain cells, but also damaged nerve cells and led to the

occurrence of cerebral edema. The present study also observed that,

rats after SAH could induce the expression of IL-1β, IL-6, TNF-α, and
COX2 in brain tissues, whichwas similar to previous studies (ZhaoX.D.

& Zhou, 2011). Besides, in this study, ad-FoxO1 with low or high doses



HAO ET AL. 13 of 15

effectively inhibited inflammation. These results support our hypoth-

esis that FoxO1 as a form of self-protection reduces inflammation and

thus protects the neural function of rats after SAH.

Autophagy, as a highly regulated way of intracellular component

degradation, plays an important role in maintaining normal cell func-

tion, growth, and development. Endogenous FoxO1 is a key regulator

of autophagy in neurons (Vidal et al., 2012). In addition, studies have

shown that Beclin-1 may be involved in the activation of Caspase-3

(Küçükler et al., 2021). Bcl-2 negatively regulates autophagy by

inhibiting Bax and blocking Beclin-1 (Lindqvist et al., 2014), indicating

that there is mutual crosstalk between autophagy and apoptosis. Fur-

thermore, autophagy and apoptosis may share a common molecular

inducer that regulate the process of cell death (Nikoletopoulou et al.,

2013). Recent studies have found that enhanced autophagy reduces

levels of apoptosis and necrosis in models of hypoxic-ischemic injury

(Loos et al., 2011). In addition, the enhancement of autophagy also

contributes to the reduction of neuronal apoptosis, the improvement

of neurological function, and the reduction of EBI after SAH (Shao

et al., 2016). In this study, we studied the effect of ad-FoxO1 on

autophagy in the hippocampus of SAH rats. Expression levels of LC3B

II/LC3I and Beclin-1 reflect the level of autophagy activation. P62

protein can be degraded by autophagy, so p62 can reflect the level

of autophagy clearance. Results showed that ad-FoxO1 promoted

autophagy in rat hippocampal tissue, as evidenced by accumulation

of LC3II/I and Beclin-1 and degradation of p62, thus inhibiting the

inflammatory response and apoptosis of rat hippocampal neurons,

which is consistent with previous conclusion. These results provided

the background for further studies on the effects of FoxO1 involving in

autophagy on EBI in SAH rats.

Studies have shown that autophagy plays a protective role in EBI

after SAH, since FoxO1 is a regulator of autophagy, and it plays a

protective role in autophagy at 48 h before SAH. However, whether

ad-FoxO1 protects hippocampal nerve function in rats by involving in

autophagy after SAH is not completely clear. Therefore, we designed

another experiment, in which SAH rats treated with FoxO1 were

intraperitoneally injected with RAP or CQ respectively. So far, most

of the autophagy inducers discovered and widely used, such as RAP, a

natural product, target the upstream of autophagy, which means that

it can promote the occurrence of biological autophagosomes (Zhao H.

et al., 2013), while CQ, as an autophagosome autophagy suppressor,

can inhibit the occurrence of biological autophagosomes (Coryell

et al., 2020). In our experiment, we found that both ad-FoxO1 and

RAP attenuated the injury of nerve function in rats during EBI after

SAH, and this synergistic effect also further reduced cerebral edema

and Evans blue extravasation, decreased hippocampus neuronal cell

apoptosis, and declined inflammatory response. However, this was

contrary to the results of CQ. In our experiment, though synergic

effect between FoxO1 overexpression and RAP on autophagy and

apoptosis is not as significant as their net effect on cerebral edema

and nerve function. This indicates that FoxO1 and RAP may modulate

neuronal functions via other mechanisms. For example, FOXO1 is

also closely associated with oxidative stress. It has been reported that

Calycosin-7-O-β-d-glucoside (CG) protects neurons from apoptosis by

regulating the SIRT1/FOXO1/PGC-1 α pathway (Yan et al., 2019). In

addition, RAP can also protect the autophagy mediated nerve by reg-

ulating PI3K/Akt1/mTOR/CREB signaling and antioxidant mechanisms

(Singh et al., 2017). On the whole, FoxO1 may play an important role

in maintaining homeostasis through autophagy. Therefore, our results

indicate that FoxO1 has a protective effect on nerve function of EBI

rats after SAH through regulating autophagy flux.

5 CONCLUSIONS

Our study extends the current understanding of autophagy in SAH-

induced EBI.We demonstrate that FoxO1 plays a protective role in EBI

after SAH by involving in enhancing autophagy flux. This neuroprotec-

tive effect may be associated with autophagy mediated anti-apoptotic

mechanisms, whichmay provide new insights for SAH therapy.
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