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Background. Nurrl, a member of the nuclear receptor 4A family (NR4A), played a role in neuron protection, anti-inflammation,
and antioxidative stress in multidiseases. We explored the role of Nurrl on subarachnoid hemorrhage (SAH) progression and
investigated the feasibility of its agonist (amodiaquine, AQ) as a treatment for SAH. Methods. SAH rat models were constructed
by the endovascular perforation technique. AQ was administered intraperitoneally at 2 hours after SAH induction. SAH grade,
mortality, weight loss, neurological performance tests, brain water content, western blot, immunofluorescence, Nissl staining,
and qPCR were assessed post-SAH. In vitro, hemin was introduced into HT22 cells to develop a model of SAH. Results.
Stimulation of Nurrl with AQ improved the outcomes and attenuated brain edema. Nurrl was mainly expressed in neuron, and
administration of AQ alleviated neuron injury in vivo and enhanced the neuron viability and inhibited neuron apoptosis and
necrosis in vitro. Besides, AQ reduced the amount of IL-18*Tba-1" cells and inhibited the mRNA level of proinflammatory
cytokines (IL-1 and TNF-a) and the M1-like phenotype markers (CD68 and CD86). AQ inhibited the expression of MMP9 in
HT22 cells. Furthermore, AQ reduced the expression of nuclear NF-xB and Nurrl while increased cytoplasmic Nurrl in vivo
and in vitro. Conclusion. Pharmacological activation of Nurrl with AQ alleviated the neuron injury and neuroinflammation.
The mechanism of antineuroinflammation may be associated with the Nurrl/NF-«B/MMP9 pathway in the neuron. The data
supported that AQ might be a promising treatment strategy for SAH.

1. Introduction

Subarachnoid hemorrhage (SAH), a subtype of stroke, mainly
caused by the intracranial aneurysm rupture, is characterized
by high mortality and morbidity rate [1]. Although accounting
for approximately 5%-10% of all strokes, the harm SAH
caused was more than that of ischemic stroke, as it tended to
affect the younger adults resulting in a disruption of produc-
tive lives [2]. Despite great efforts made in preclinical studies
and clinical trials, the outcome of patients with SAH remains
unacceptably poor, which remainders us to reveal the underly-
ing mechanisms behind SAH and explore and develop reliable
therapeutic targets.

Nurrl (NR4A2), belonging to the nuclear receptor 4A
family (NR4A), was an orphan nuclear receptor as no endog-
enous ligands [3]. In the beginning, quantities of studies paid
attention to the role of Nurrl in Parkinson’s disease (PD),
demonstrating it not only promoted the maturation of dopa-
minergic neurons and maintained their survival [4-6] but also
promoted the transformation of astrocytes into functional
dopaminergic neurons [7, 8], which was considered to be a
promising therapeutic target for PD. Indeed, Nurrl was widely
expressed throughout the brain, not only limited in the mid-
brain dopaminergic neuron area [9]. It is reasonable to believe
that Nurrl may play important roles beyond dopaminergic
neurons. Recently, researchers have confirmed the neuron
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protective, anti-inflammatory, and antioxidative stress role of
Nurrl in nondopaminergic neuron areas and various diseases,
including but not limited to multiple sclerosis [10], Alzheimer’s
disease (AD) [11], and ischemic stroke [12, 13]. However, the
role of Nurrl in SAH-related pathology has not previously
been reported.

Drug repurposing, a strategy to explore new medical
indications of approved drugs, provides an attractive and
alternative choice to develop new treatment for diseases out-
side the original scope, as it makes use of the advantage of
“old” drugs: reduction of the risk of failure, the time frame
of development, and investment [14]. Especially during the
epidemic of coronavirus disease 2019 (COVID-19), drug
repurposing has been a priority for developing effective drugs
and has been made a few efforts [15].

Amodiaquine (AQ) was an antimalarial drug approved by
the FDA [16]. Since AQ was first identified as an agonist of
Nurrl through direct interaction with its ligand-binding
domain in 2015 [17], pharmacological activation of Nurrl
with AQ had been applied in various brain diseases, including
PD [17, 18], AD [11], and intracellular hemorrhage [19],
which showed a powerful anti-inflammatory and neurological
repair effects. Herein, we speculated that Nurrl might play an
important role in SAH progression, and stimulation of Nurrl
with AQ might be a promising treatment strategy based on the
above evidence.

2. Materials and Methods

2.1. SAH Model. Sprague-Dawley rats (male, 300-350 g) were
purchased from SLAC Laboratory Animal (Shanghai,
China). The rats were housed in stable temperature and
humidity animal quarters with a 12hr day/night cycle and
free access to clean water and food ad libitum. All procedures
involved in rats were in strict accordance with the guidelines
of the National Institutes of Health on the care and use of
animals and were approved by the Institutional Animal Care
and Use Committee of Zhejiang University.

The experimental SAH model was constructed using the
endovascular perforation technique as our previously described
studies [20]. Briefly, rats were anesthetized by intraperitoneal
injection of 40 mg/kg pentobarbital. After exposing and dissect-
ing the left external carotid artery (ECA), a 4-0 nylon suture
was inserted into ECA, marched along the internal carotid
artery (ICA) until feeling the resistance, and then pushed into
2-3mm to perforate the bifurcation between the anterior cere-
bral artery and middle cerebral artery. The rats were randomly
divided into the sham, SAH+vehicle, and SAH+AQ groups. In
the sham group, the same surgical procedure was executed
except for perforation. 2 hours after SAH induction, rats in
the SAH+AQ group were injected AQ (40 mg/kg, MedChem-
Express, USA, Cat. No. HY-B1322B) intraperitoneally once
daily [19], while the other groups (sham and SAH) were sub-
jected to vehicles (ultrapure water) with equal dosage.

SAH grade after a 24h operation was assessed as follows:
the basal cistern was divided into 6 parts, and each was graded
0-3 according to the amount of blood clot [21]. A total score
was calculated by adding the score of each segment. Weight
loss was calculated as follows: bodyweight after a 24h opera-
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tion minus before the operation and then divided the weight
before the operation.

2.2. Neurological Behavior Analysis. Neurological performance
after a 24h operation was evaluated via modified Garcia
scoring system [22] and beam walking test [23, 24]. Modified
Garcia scoring system included spontaneous activity (0-3),
movement symmetry of 4 limbs (0-3), forelimb outstretching
(0-3), climbing (1-3), body proprioception (1-3), and response
to vibrissae touch (1-3). Then, rats were put on a narrow beam
within 1 min and the scores were assessed for beam walking
test (0-4).

2.3. Brain Water Content. Rats were sacrificed at 24 h after the
operation, and the brains were soon removed and separated
into 4 segments (the left hemisphere, right hemisphere, cere-
bellum, and brain stem). Each segment was weighed quickly
to obtain the wet weight (WW) and then seasoned in the dry
baths at 105°C for 72 h to get the dry weight (DW). The water
content of each segment was calculated based on the following
formula: [(WW — DW)/WW] * 100%.

2.4. Histological Stain Analysis. Rats were anesthetized, sacri-
ficed, and perfused sufficiently with 4% paraformaldehyde
(PFA, dissolved in 0.1 M PBS). The brains were immediately
collected and fixed in 4% PFA for 48 h and then dehydrated
in a 30% sucrose solution until sinking into the bottom of
the bottle. The brains were embedded in optimal cutting tem-
perature (OCT) compound (SAKURA, OH, USA) followed
by slicing into 9 ym coronal sections for further immunoflu-
orescence and Nissl staining analysis.

For immunofluorescence staining [25], slides were
warmed at room temperature for 30 min, washed with PBS,
blocked with QuickBlot™ Blocking Buffer for immunofluo-
rescence (Beyotime, Shanghai, China, Cat. No. P0260) for 1 h
at room temperature, and then incubated at 4°C overnight
with primary antibodies including mouse anti-NeuN
(1:500, Abcam, Cambridge, UK, Cat. No. ab-104224), goat
anti-Tba-1 (1:500, Abcam, Cambridge, UK, Cat. No. ab-
5076), mouse anti-GFAP (1:500, Abcam, Cambridge, UK,
Cat. No. ab10062), rabbit anti-Nurrl (1:100, Bioss, Beijing,
China, Cat. No. bs-20744r), and rabbit anti-IL-1f (1:100,
Abcam, Cambridge, UK, Cat. No. ab9722). After warming
at room temperature for 30 min, the slides were washed with
PBS, incubated at room temperature for 2h with secondary
antibodies, and labeled cell nuclei with DAPI Fluoromount-
G™ (YEASEN, Shanghai, China, Cat. No. 36308ES20).

For Nissl staining [26], slides were incubated with 0.5%
cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) solution
at room temperature for 30 min, dehydrated with ethanol
absolute, and sealed with a neutral resin containing xylene.

2.5. Western Blot. Total extracts of the brain and cells were
lysed using RIPA lysis buffer (Beyotime, Shanghai, China,
Cat. No. P0013B), while nuclear and cytoplasmic proteins
were extracted using Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime, Shanghai, China, Cat. No. P0027).

Western blot was operated as previously reported [27].
Briefly, proteins were appropriately separated by SDS-
polyacrylamide gel electrophoresis and then transferred into
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the PVDF membrane. After blocking with QuickBlot™
Blocking Buffer for western blot (Beyotime, Shanghai, China,
Cat. No. P0252) 1 h at room temperature, the membrane was
incubated at 4°C overnight with primary antibodies includ-
ing mouse anti-f-actin (1:5000, Proteintech, Hubei, China,
Cat. No. 60008-1-Ig), mouse anti-histone H3 (1:1000, Cell
Signaling Technology, MA, USA, Cat. No. 9715), rabbit
anti-Nurrl (1:1000, Proteintech, Hubei, China, Cat. No.
10975-2-AP), rabbit anti-ZO-1 (1:100, Santa Cruz, TX,
USA, Cat. No. sc-33725), rabbit anti-claudin-5 (1:100, Santa
Cruz, TX, USA, Cat. No. sc-28670), rabbit anti-occludin
(1:100, Santa Cruz, TX, USA, Cat. No. sc-133256), rabbit
anti-MMP9 (1:100, Abcam, Cambridge, UK, Cat. No.
ab38898), and rabbit anti-NF-xB p65 (1:1000, Cell Signaling
Technology, MA, USA, Cat. No. 8242). Subsequently, the
membrane was incubated with horseradish peroxidase-
conjugated goat anti-rabbit or mouse secondary antibodies
for 1h at room temperature, and visualized by ECL Plus
chemiluminescence reagent kit (Amersham Bioscience,
Arlington Heights, IL). The densities of bands were quanti-
fied with software Image] (NIH).

2.6. RNA Extraction and gqRT-PCR. The total RNA of tissues
and cells was extracted using TRIzol™ Reagent (Life Technol-
ogies, CA, USA, Cat. No. 15596018). The single-stranded
cDNA was synthesized at 37°C for 15 min followed 85°C 5s
by using Evo M-MLV Reverse Transcriptase (Accurate Bio-
technology, Hunan, China, Cat. No. AG11605). The qRT-
PCR was performed using SYBR® Green Premix Pro Taq HS
qPCR Kit (Accurate Biotechnology, Hunan, China, Cat. No.
AG11701) in Applied Biosystems 7500 Real-Time PCR
System (Life Technologies, CA, USA) as follows: 95°C 20s,
40 cycles of amplification at 95°C 3s and 60°C 30s. All gRT-
PCR were conducted at least 3 technical replicates and 3
biological replicates. The relative expression of targeted genes
was normalized to fB-actin and analyzed using the 27!
method. The primers of targeted genes are listed in Supple-
mentary Table 1.

2.7. SAH Model In Vitro. Following SAH, the erythrocytes
lyse and release their hemoglobin, which degrades to hemin
(Fe** protoporphyrin IX). The toxicity of hemin occurs after
it has been taken up into cells and thereby causes various
harmful responses such as inflammation and oxidative stress
[28]. Hence, we stimulated HT22 cells by administrating
200 uM hemin (Sigma-Aldrich, MO, USA, Cat. No. H9039)
to induce the SAH model in vitro. Meanwhile, cells were
treated with AQ (0 uM, 1 uM, 5uM, 10 uM, and 30 uM) or
vehicles [29].

For cell viability, HT22 cells (40000/mL) were seeded in a
96-well plate and cocultured with hemin and AQ. After
washing extensively with PBS, cells were cultured with 10%
CCK-8 (BOSTER, Wuhan, China, Cat. No. AR1199) for 1h
and measured at 450 nm by a microplate reader (BioTek,
USA) to obtain OD value.

For apoptosis and necrosis analysis, HT22 cells
(100000/mL) were cultured in a 6-well plate and subjected
to hemin and AQ. After trypsinized, HT22 cells were centri-
fuged and resuspended in 100 uL binding buffer. HT22 cells

were incubated with 4L Annexin V-FITC for 10 min at
room temperature and then incubated with 4 uL PI for
5min at room temperature. HT22 cell suspensions were
added 400uL PBS before analyzed by flow cytometry.
Annexin V-FITC", PI"/Annexin V-FITC, and PI/Annexin
V-FITC were determined as apoptosis, necrosis, and survival
cells, respectively. All the reagents involved were purchased
from Solarbio (Cat. No. CA1020).

For the effects of the neuron on microglia [30], HT22
cells were treated with hemin or AQ as described above,
washed extensively with PBS, and cultured in a nonstimu-
lated condition for 24 h. The culture was collected and centri-
fuged to obtain supernatant culture. Subsequently, BV2 cells
were treated with the supernatant culture and harvested for
qPCR analysis.

2.8. Statistical Analysis. Data were analyzed by SPSS software
22.0 and visualized by GraphPad Prism software 8.0. The
normal distribution and variance homogeneity of data were
tested by the Shapiro-Wilk and Levene methods, respec-
tively. When meeting normal distribution and homogeneity
of variance, data were analyzed by Student’s t-test for two
groups or one-way analysis of variance (ANOVA) with
Tukey’s post hoc contrasts for multigroups. Otherwise, the
Mann-Whitney nonparametric test and Kruskal-Wallis test
with post hoc contrast by the Dunn-Bonferroni test were
introduced to compare the difference. Multiple groups’
mortality rates were compared by the chi-square tests
followed by post hoc contrast using the Bonferroni method.

3. Results

3.1. AQ Improved the Outcomes and Alleviated Blood-Brain
Barrier (BBB) Disruption after SAH. After SAH models
induced 24h, no significant difference in bleeding volume
was observed between the SAH+vehicle and SAH+AQ groups
(Figures 1(a) and 1(b)). The mortality rates were 0.00% (0/24),
36.84% (14/38), and 17.24% (5/29) in the sham, SAH+vehicle,
and SAH+AQ groups, respectively (Figure 1(c)). The weight
loss ratio was higher in the SAH+vehicle group than that in
the SAH+AQ group (Figure 1(d)). Moreover, the administra-
tion of AQ could significantly increase the modified Garcia
score and beam score (Figures 1(e) and 1(f)).

Subsequently, we investigated the BBB disruption. Com-
pared with the sham group, the water content of the left and
right hemispheres of the SAH+vehicle group dramatically
elevated while declined in the SAH+AQ group (Figure 1(g)).
Besides, we analyzed the level of tight junction proteins involv-
ing in maintaining the integrity of BBB. The downregulation
of ZO-1, occludin, and claudin-5 caused by SAH was greatly
inhibited by the treatment of AQ (Figures 1(h)-1(k)).

3.2. Nurrl Mainly Expressed in Neuron after SAH. Since AQ
was an agonist of Nurrl, we analyzed the location of Nurrl
by double labeling Nurrl with NeuN, Iba-1, and GFAP facil-
itating for further exploring the mechanism of AQ on SAH.
The quantitative analysis showed that Nurrl"NeuN" cells
were 96.78%, 83.61%, and 89.43% and Nurrl "NeuN~ cells
were 3.21%, 16.39%, and 11.97% in the sham, SAH+vehicle,
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FiGurek 1: Effect of AQ on outcomes and brain edema. (a) Representative brain samples were harvested from the SAH+vehicle and SAH+AQ
groups. (b) Hemorrhage volume quantified by SAH grade. n =12 per group. (c, d) Mortality rate and weight loss were assessed among the
sham, SAH+vehicle, and SAH+AQ groups. n =12 per group. (e, f) Neurological function assessed via modified Garcia score and beam
score. n =12 per group. (g) The water content of the left hemisphere, right hemisphere, cerebellum, and brain stem. n = 6 per group. (h-k)
Representative western blot bands and relative quantification of the protein expression of ZO-1, occludin, and claudin-5. n =6 per group.
NS: no significance; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

and SAH+AQ groups, respectively, which indicated that
Nurrl expressed mainly in the neuron other than microglia
and astrocytes (Figures 2(a)-2(c), Supplementary Figure 1).

3.3. Stimulation of Nurrl with AQ Attenuated Neuron Injury.
To assess the neuron injury, we performed the Nissl staining
and analyzed the three regions (CA1, CA3, and DG) of the
hippocampus and cortex among the groups [31]. Compared
with sham, a mass of deeply stained neurons with shrunken
cell bodies, characters of damaged neurons [32], were
observed after SAH induced 24 h, while more lightly stained
with larger cell bodies, characters of viable neurons [32], were
observed after administration with AQ (Figure 3(a)). We
next intervened HT22 cells with hemin and different doses
of AQ and then analyzed the cell viability via CCK-8 at 6
and 24h (Figure 3(b)). When the concentration was lower
than 10 uM, the protective effect of AQ on HT22 cells was
dose-dependent in different time points; however, the protec-
tive effect of AQ was reversed when the concentration was
raised to 30 uM (Figure 3(c)). Herein, we applied the concen-
tration gradients of 1, 5, and 10 4M in further studies with
discard of the concentration of 30 uM. Subsequently, we
investigated the apoptosis and necrosis of HT22 cells at
24h. Similar to CCK-8, AQ reduced the percentage of apo-
ptosis and necrosis while increased the percentage of survival
cells (Figure 3(d)).

3.4. Stimulation of Nurrl with AQ Inhibited the Proinflammatory
Microglia/ Macrophage and Alleviated the Neuroinflammation.
Numerous researches had been demonstrated the key role of
Nurrl in anti-inflammation in multibrain diseases [10, 13, 33,
34]. We thus investigated the amount of proinflammatory phe-

notype of microglia/macrophage and the inflammation
response. Following SAH, the microglia/macrophage increased
and mostly transformed to activated phenotypes with larger
soma size and shorter protrusions [35], compared to the SAH
+AQ and sham groups (Figure 4(a)). Moreover, treatment with
AQ decreased the number of IL-13" microglia/macrophage
(Figure 4(a)), which was consistent with the mRNA level of
IL-1f3, CD68, CD86, and TNF-« (Figure 4(b)).

3.5. Stimulation of Nurrl with AQ Inhibited the
Proinflammatory Microglia Promoted by Damage Neurons
Secreting MMP9. Emerging studies have shown that neurons
(notably damage neurons) were not only passive targets in
diseases but they also played an active role by secreting
cytokines to accelerate microglial activation and inflamma-
tory response [36, 37]. Based on the protective effect of AQ
on neurons, we assumed that AQ could inhibit microglia
activation and the accompanying inflammation by reducing
harmful cytokines secreted from damaged neurons. After
stimulating BV2 cells with supernatant from HT22 cells, we
found the inflammation cytokines (IL-1f and TNF-«) and
the M1-like phenotype markers (CD68 and CD86) were
downregulated on a dose-dependent manner after treatment
with AQ (Figure 5(a)). Subsequently, we detected the expres-
sion level of MMP9 in HT22 cells, a classic cytokine secreted
from neurons to influence the activities of microglia, and
observed the great upregulation after hemin stimulation
while downregulated dose-dependently by treating with AQ
(Figure 5(b)).

3.6. AQ Reduced Nuclear NF-kB by Activating Nurrl. As a
nuclear receptor, Nurrl mainly functioned in the nucleus.
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F1GURE 2: Distribution of Nurrl. Representative immunofluorescence images showed the localization of Nurrl with (a) NeuN, (b) Iba-1, and

(c) GFAP. Scalebar = 50 ym.

Hence, we investigated the nuclear expression of Nurrl. Com-
pared with sham, the nuclear expression of Nurrl was signif-
icantly increased in the SAH+vehicle group, but reduced in
the SAH+AQ group (Figure 6(a)). A similar phenomenon
was observed in the HT22 cells; moreover, the effect of AQ
on the expression of nuclear Nurrl was in a dose-dependent
manner (Figure 6(c)). Numerous studies had reported that
Nurrl exerted an anti-inflammatory effect by regulating NF-
kB in vitro and in vivo [38-40]. The stimulation of Nurrl with
AQ could decrease the expression of nuclear NF-«B in the rat
models and HT22 cells (Figures 6(a) and 6(c)). Several studies
demonstrated the subcellular translocation of nuclear recep-
tors upon the stimulations, including PPAR [41] and RXR
[42]. Hence, we detected the cytoplasmic expression of Nurrl
and observed that the cytoplasmic expression of Nurrl was

reduced in the SAH+vehicle group while increased in the
SAH+AQ group compared to the sham group (Figure 6(b)),
which was consistent with the results in vitro (Figure 6(d)).

4. Discussion

As we have known, this is the first study that investigated the
effect of AQ on SAH. Here, we investigated the role and
mechanisms of Nurrl and its agonist (AQ) in the context
of SAH, and made several major findings as follows: (1) AQ
activated Nurrl improved the outcome of rats and alleviated
brain edema after SAH; (2) Nurrl mostly expressed in the
neuron and AQ could protect neuron both in vivo and
in vitro models of SAH; (3) AQ inhibited the proinflamma-
tory microglia/macrophage and the mechanisms may be
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0.01, ***p<0.001, and ****p <0.0001. (d) HT22 cell apoptosis and necrosis were assessed by flow cytometry at 24 hours after the
intervention. n = 3 per group. NS: no significance; *p < 0.05, **p < 0.01, and ***p < 0.001.

associated with the Nurrl/NF-«xB/MMP9 pathway in the
neuron (Figure 7).

Pharmaceutical stimulation Nurrl with AQ showed a
decrease of weight loss and brain edema while an increase
of the neurological score, which indicated the protective
effect of Nurrl on SAH and the feasibility of AQ for the treat-
ment of SAH. To clarify the mechanism of Nurrl, we
explored the distribution of Nurrl. Consistent with Moon
et al. [11], our immunofluorescence double-labeling experi-
ment showed that Nurrl was almost costained with the
neuron, rather than microglia/macrophage or astrocyte. In
general, neuron damage and death happened in early stage
and at multiareas after SAH and were significantly associated
with the prognosis [43-45]. Therefore, we considered that
pharmacological activation of Nurrl could reduce neuron
injury, and this was confirmed by Nissl staining in vivo and
CCK-8 and flow cytometry in vitro, which furthermore dem-
onstrated the general neuroprotective effect of Nurrl in
multidiseases.

Despite Nurrl was mainly expressed on neurons, bodies
of literature had recently reported the antineuroinflamma-
tory effects of Nurrl in various disease models [34, 40, 46].
Meanwhile, taken into account that neuroinflammation was
an important pathophysiological process involved in the
early brain injury of SAH so that we could not ignore this
point. By double labeling IL-1f3 and Iba-1, we observed a
decrease in the percentage of IL-1S-positive microglia/ma-
crophage after AQ intervention, which was similar to qPCR

results. The data indicated that the anti-inflammatory effect
of Nurrl was also applicable to SAH. Generally speaking,
the polarization of resting microglia/macrophage into proin-
flammatory microglia/macrophage was regulated by numer-
ous factors, but it could be roughly divided into direct
stimulation and indirect stimulation. For indirect stimula-
tion, it was mainly the regulation of neuron or astrocyte on
the activity of microglia. It was reported that modulation of
microglia by neuron is through contact-dependent (such as
CD200-CD200R, CX3CL1-CX3CR1, and TREM2L-TREM2)
and contact-independent (such as CX3CLl1 and MMP9)
mechanisms [47, 48]. Additionally, exosomes derived from
astrocyte modulated the phenotype of microglia [49]. Based
on the distribution pattern of Nurrl, we focused on the interac-
tion of neuron with microglia. After the intervention of microg-
lia with cell culture supernatant obtained from neurons with
avoidance the influence of hemin and AQ, we observed the
inhibition of the expression of proinflammatory genes (IL-13
and TNF-«) and the M1-like phenotype markers (CD68 and
CDS86), which indicated that AQ could modulate the crosstalk
between neuron and microglia. By detecting MMP9, a classical
cytokine involved in the contact-independent mechanism [48],
we found that the regulation of AQ on microglia activities may
be related to its effects on the secretion of MMP9 from neurons.

Several studies had demonstrated that Nurrl suppressed
the gene expression of MMPY, but it did not seem to be
through a directly transcriptional suppression mechanism
[50-52]. Therefore, we focused on the nuclear NF-xB, a factor
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FiGURE 4: Effect of AQ on neuroinflammation. (a) Representative immunofluorescence images showed the morphology of Iba-1-positive cells
and the corresponding quantification of the number of IL-15"/Iba-1" cells. n = 6 per group, scale bar = 50 ym. (b) The mRNA level of IL-1f,
CD68, CD86, and TNF-a was assessed via QPCR. 7 = 6 per group. NS: no significance; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

bridged the Nurrl and MMP9 (Supplementary Figure 2), for it
not only directly bound to the promoter of MMP9 [53, 54] but
also directly interacted with Nurrl [30, 55, 56]. Western blot
results supported the reduced expression of nuclear NF-xB by
treatment with AQ. Theoretically, after AQ intervention,
nuclear Nurrl would increase to maintain the inhibitory effect
on NF-xB. However, by analyzing the nuclear and cytoplasmic
expression of Nurrl, we found that Nurrl increased in the

nucleus, but decreased in the cytoplasm after SAH, while it was
reversed after AQ treatment. Miranda et al. reported that C-
DIMI2, an agonist of Nurrl, inhibited the transcription
activities of NF-xB in the BV2 cells; however, C-DIM12 further
increased the nuclear translocation of Nurrl on the basis of LPS
stimulation [55], which was different from our results. The
underlying reasons may be (1) different pharmacological
mechanisms of the agonist; (2) different stimulus and the
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significance; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

stimulation time; and (3) different cell types, which needed
further studies. In any case, the data indicated that the
subcellular translocation was essential for Nurrl to exert its role.
As a posttranslational modification, SUMOylation is involved
in the regulation of protein subcellular localization [57, 58].
Saijo et al. demonstrated that the SUMOylation of Nurrl was
indispensable for the inhibition of the transcription activities of
NF-xB [30]. Hence, it was reasonable to postulate that AQ
regulated Nurrl SUMOylation to promote it to bind to NF-«xB

and translocate the heterodimer to the cytoplasm for NF-«xB
degradation, which remained to be studied in the future.

This study still has the several following limitations. First,
since there are no commercially available Nurrl inhibitors
and the abnormal behavior characteristics of Nurrl knockout
mice which may interfere with our neurobehavioral evalua-
tion results [59], we did not verify our conclusion by inhibit-
ing Nurrl. Second, we focused on the early brain injuries in
the current study. The long-term function as well as the effect
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Ficure 6: Effect of AQ on Nurrl translocation and the expression of nuclear NF-«B. (a) Representative western blot bands and the
quantification of the expression of nuclear Nurrl and NF-«B p65 in rat models at 24 h after SAH. n=6 per group. (b) Representative
western blot bands and the quantification of the expression of cytoplasmic Nurrl in rat models at 24 h after SAH. n =6 per group. (c)
Representative western blot bands and the quantification of the expression of nuclear Nurrl and NF-«B p65 in HT22 cells at 6 h after the
intervention. n =3 per group. (d) Representative western blot bands and the quantification of the expression of cytoplasmic Nurrl in
HT?22 cells at 6 h after the intervention. n =3 per group. Nu: nuclear; Cyto: cytoplasmic; NS: no significance; *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.

of different doses and the side effects of AQ especially in SAH
should be performed in the follow-up research. Third, recent
literature reported that Nurrl had an anti-inflammatory
effect on microglia. Based on the expression distribution of

Nurrl, we mainly explained the anti-inflammatory effect of
Nurrl from another perspective, namely, the interaction
between neurons and microglia in current study. Additionally,
the specificity of the Nurrl/NF-«B/MMP9 axis in the anti-
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Ficure 7: Illustrator of AQ functioned to protect neurons and reduce the neuroinflammation via a Nurrl/NF-«B/MMP9 pathway. The
illustrator was created in assistance with BioRender (https://www.BioRender.com/).

inflammatory effect of Nurrl in SAH, ICH, and other hemor-
rhagic stroke subtypes needs to be established in further study.

5. Conclusion

In summary, we confirmed that Nurrl played an important
role in the context of SAH and pharmacological stimulation
of Nurrl with AQ would be a promising treatment strategy
based on the above data.
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