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Autophagy protein NRBF2 attenuates
endoplasmic reticulum stress-associated
neuroinflammation and oxidative stress via
promoting autophagosome maturation by
interacting with Rab7 after SAH
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Xiongjie Fu1, Shenglong Cao1, Jing Cai2, Feng Yan1* and Gao Chen1*

Abstract

Background: Neuroinflammation and oxidative stress plays an important role in the pathogenesis of early brain
injury (EBI) after subarachnoid hemorrhage (SAH). This study is the first to show that activation of autophagy
protein nuclear receptor binding factor 2 (NRBF2) could reduce endoplasmic reticulum stress (ERS)-associated
inflammation and oxidative stress after SAH.

Methods: Male C57BL/6J mice were subjected to endovascular perforation to establish a model of SAH. NRBF2
overexpression adeno-associated virus (AAV), NRBF2 small interfering RNAs (siRNA), lysosomal inhibitor-chloroquine
(CQ), and late endosome GTPase Rab7 receptor antagonist-CID1067700 (CID) were used to investigate the role of
NRBF2 in EBI after SAH. Neurological tests, brain water content, western blotting and immunofluorescence staining
were evaluated.

Results: Our study found that the level of NRBF2 was increased after SAH and peaked at 24 h after SAH. In
addition, we found that the overexpression of NRBF2 significantly improved neurobehavioral scores and reduced
ERS, oxidative stress, and neuroinflammation in SAH, whereas the inhibition of NRBF2 exacerbated these
phenotypes. In terms of mechanism, NRBF2 overexpression significantly promoted autophagosome maturation,
with the downregulation of CHOP, Romo-1, TXNIP, NLRP3, TNF-α, and IL-1β expression through interaction with
Rab7. The protective effect of NRBF2 on ERS-associated neuroinflammation and oxidative stress after SAH was
eliminated by treatment with CQ. Meanwhile, it was also reversed by intraperitoneal injection of CID. Moreover, the
MIT domain of NRBF2 was identified as a critical binding site that interacts with Rab7 and thereby promotes
autophagosome maturation.
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Conclusion: Our data provide evidence that the autophagy protein NRBF2 has a protective effect on endoplasmic
reticulum stress-associated neuroinflammation and oxidative stress by promoting autophagosome maturation
through interactions with Rab7 after SAH.

Keywords: Subarachnoid hemorrhage, NRBF2, Rab7, Autophagy maturation, Endoplasmic reticulum stress,
Neuroinflammation, Oxidative stress

Introduction
Subarachnoid hemorrhage (SAH), a subtype of stroke, is
caused mainly by aneurysm rupture, resulting in poor
neurological deficits, and high morbidity and mortality
[1, 2]. The underlying mechanisms that cause brain in-
jury after SAH include increased endoplasmic reticulum
stress (ERS), oxidative stress injury, neuroinflammation,
and neuronal apoptosis [3–5]. More and more studies
support the view that ERS plays an important role in the
pathophysiological process after SAH [3, 6, 7]. The exces-
sive activation of ERS induces oxidative stress, and then
triggers downstream cascade reactions, leading to inflam-
mation [8]. The activation of the thioredoxin-interacting
protein (TXNIP)/NOD-like receptor pyrin domain-
containing 3 protein (NLRP3) inflammasome can link
ERS to neuroinflammation in brain tissues [6, 7].
Nuclear receptor binding factor 2 (NRBF2), a regula-

tory subunit of the ATG14-BECN1/Beclin 1-PIK3C3
complex, is involved in multiple diseases and stress con-
ditions [9–11]. Importantly, NRBF2 modulates autopha-
gosome formation by regulating ATG14-linked PIK3C3
activity for autophagosome biogenesis [9–12]. Lu et al.
reported that NRBF2 modulates autophagy via regula-
tion of PI3K-III and prevents ERS-mediated cytotoxicity
and liver injury [9]. In addition, studies of NRBF2 in Alz-
heimer’s disease revealed that NRBF2 plays an important
role in regulating the degradation of APP C-terminal
fragments by modulating autophagy and could be a po-
tential therapeutic target for Alzheimer’s disease [11,
13]. Many factors regulate the fusion of autophagosomes
with late endosomes/lysosomes. A recent study on intes-
tinal inflammation indicated that NRBF2 was vital for
the generation of an activated subtype of Rab7 to pro-
mote the fusion between phagosomes and lysosomes by
interacting with the MON1-CCZ1 complex [10]. Add-
itionally, Cai et al. revealed a required role of NRBF2 in
modulating autophagosome maturation by interacting
with Rab7 and Alzheimer disease-associated protein deg-
radation [14]. In addition, the activation of autophagy
could suppress the overactivation of ERS and reduce
neuroinflammation [15]. However, the mechanisms
underlying how NRBF2 regulates ERS and suppresses
neuroinflammation after SAH has not been thoroughly
explored.
Here, (i) we identified the increased level of NRBF2

after SAH and the protective effect of NRBF2 on the

modulation of ERS-associated neuroinflammation and
oxidative stress. (ii) We further found that the protective
effect of NRBF2 occurred through enhancing autophago-
some maturation by interacting with Rab7. (iii) Finally,
we demonstrated that the MIT domain of NRBF2 was
necessary for the interaction between NRBF2 and Rab7.

Materials and methods
Animal models of SAH
This study involving animals was in accordance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health. All experi-
mental protocols were approved and supervised by the
Institutional Animal Care and Use Committee of Zhe-
jiang University.
Adult male C57BL/6 mice (approximately 8 weeks)

weighing 22–25 g, obtained from SLAC Laboratory Ani-
mal Company (Shanghai, China), were used to induce
SAH by endovascular perforation according to the
methods of the previous study [1, 16]. Briefly, after ex-
posing the left carotid artery and its branches, a 5–0
sharpened monofilament nylon suture was advanced and
finally reached the bifurcation of the anterior and middle
cerebral artery. Then, vessel perforation was executed to
produce SAH (Supplementary Text S1). The same pro-
cedure was performed in the sham group, except for
blood vessel wall puncture.

Experimental group design (Supplemental Fig. 1)
Experiment 1
Mice were randomly assigned to six groups including
the sham group, 6 h after SAH group, 12 h after SAH
group, 24 h after SAH group, 48 h after SAH group, and
72 h after SAH group for western blotting detection of
NRBF2 expression changes. In addition, mice were ran-
domly distributed to sham and SAH-24 h group for the
cellular co-localization of NRBF2 examined by double-
labeled fluorescent staining, and qualitative expression
of NRBF2 examined by immunohistochemical (IHC)
staining.

Experiment 2
Mice were randomly assigned into six groups, including
the sham, SAH, SAH + Scramble (Scr)-siRNA, SAH +
NRBF2-siRNA, SAH + negative control (NC)-AAV,
SAH + NRBF2-AAV groups, for the assessment of SAH
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grading score, neurological function (for 24 h, 72 h, and
long-term neurological function evaluation after SAH),
brain water content (BWC), western blotting, immuno-
fluorescence (IF) staining, and dihydroethidium (DHE)
staining. In addition, the cellular co-localization of
NRBF2 and LAMP2 was examined by double-labeled
fluorescent staining in SAH.

Experiment 3.1
Mice were randomly assigned into five groups, including
the sham, SAH + NC-AAV, SAH + NRBF2-AAV, SAH
+ NRBF2-AAV + vehicle, SAH + NRBF2-AAV + 3-
methyladenine (3-MA) groups, for the assessment of
SAH grading score, neurological function, western blot-
ting, and BWC.

Experiment 3.2
Mice were randomly assigned into the five groups in-
cluding the sham, SAH + Scr-siRNA, SAH + NRBF2-
siRNA, SAH + NRBF2-siRNA + vehicle, SAH + NRBF2-
siRNA + rapamycin (Rapa) groups, for the assessment of
SAH grading score, neurological function, western blot-
ting, and BWC.

Experiment 4
Mice were randomly assigned into five groups, including
the sham, SAH + NC-AAV, SAH + NRBF2-AAV, SAH
+ NRBF2-AAV + vehicle, and SAH + NRBF2-AAV +
chloroquine (CQ) groups, for the assessment of SAH
grading score, neurological function, BWC, and western
blotting.

Experiment 5.1
Mice were randomly assigned to two groups, the sham
and SAH groups, for co-immunoprecipitation (Co-IP).
Moreover, the cellular co-localization of NRBF2 and
Rab7 was examined by double-labeled fluorescent stain-
ing in SAH.

Experiment 5.2
Mice were randomly assigned into five groups, including
the sham, SAH + NC-AAV, SAH + NRBF2-AAV, SAH
+ NRBF2-AAV + vehicle, and SAH + NRBF2-AAV +
CID1067700 (CID) groups, for the assessment of SAH
grading score, neurological function, BWC, western blot-
ting, and IF staining.

Experiment 6.1
HT22 cells were randomly assigned into two groups, the
control and Hemin groups, for the assessment of co-IP.
Moreover, the cellular co-localization of NRBF2 and
Rab7 was examined by double-labeled fluorescent stain-
ing in the Hemin group.

Experiment 6.2
HT22 cells were randomly assigned into three groups:
the Hemin + Flag-plasmid, Hemin + NRBF2-plasmid,
and Hemin + ΔCARD-plasmid for the assessment of co-
IP.

Drug administration
NRBF2 siRNA and scramble siRNA were infused into
the right lateral ventricle at 24 h before SAH induction.
NRBF2-AAV (1.78e + 13 vg/ml, 3 μl) or scrambled NC-
AAV (2.54e + 12 vg/ml, 3 μl) obtained from Shanghai
Genechem Co., Ltd. was infused into the right lateral
ventricle at 3 weeks before SAH induction (Supplemen-
tary Text S1). 3-MA (7.5 μg dissolved in normal saline
by heating the solution to 60–70 °C immediately before
injection) or vehicle (normal saline) was administered by
intracerebroventricular injection at the onset of SAH
[17]. Rapa (25 μM dissolved in 2% DMSO, 2 μl) or ve-
hicle (2% DMSO) was administered by intracerebroven-
tricular injection 30 min after SAH induction [18]. CID
(2.5 mg/kg dissolved in 2% DMSO) or vehicle (2%
DMSO) was administered intraperitoneally 10 min be-
fore and 90 min after the onset of SAH [19]. CQ (60
mg/kg dissolved in normal saline) or vehicle (normal sa-
line) was administered intraperitoneally immediately
after SAH [20].

SAH grade
The 18-point SAH severity grading system was used at
24 h after SAH as previously reported [5]. The basal part
of the mouse brain was divided into six parts and each
part was blindly evaluated on a scale of 0–3 judging by
the amount of the subarachnoid clot.

Neurological score evaluation
The modified Garcia scoring system [21, 22] (Supple-
mental Table S1) and Behavior score [23] (Supplemental
Table S2) were blindly assessed for neurological function
at 24 h and 72 h after SAH. The total score ranged from
3 to 18 for the modified Garcia scoring system and the
total score ranged from 0 to 6 for the behavior score.
Higher scores for the modified Garcia scoring system
and lower scores for the behavior score indicated a bet-
ter neurological function.
Moreover, the Morris water maze (MWM) test was

used to test long-term neurological impairments from
22 to 28 days post-SAH as previously described [23].
First, mice were trained to find the escape platform. Sec-
ond, the mice were trained for 5 consecutive days. Third,
mice received a probe trial, in which the platform was
removed, and then the escape latency, swimming dis-
tance, platform crossovers, and time spent in the target
quadrant were tracked and analyzed by the SMART soft-
ware (Panlab, USA).
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Brain water content (BWC)
BWC was calculated to evaluate the severity of brain
edema [1]. After sacrificed, mouse brains were rapidly
removed and divided into the left brain, right brain,
cerebellum, and brain stem at 24 h post-SAH. Each part
was directly weighed to obtain the wet weight and then
dried at 105 °C for 72 h to obtain the dry weight. The
BWC was calculated as [(wet weight−dry weight)/wet
weight] × 100%.

Cell culture and transfection
HT22 cells were unfrozen and incubated with DMEM
medium with 10% fetal bovine serum (FBS) offered by
Thermo Fisher (USA) at 37 °C and 5% CO2. And HT22
cells were stimulated with 200 μM hemin (Sigma-Al-
drich, MO, USA, Cat. No. H9039) to induce the SAH
model in vitro [24]. Overexpression of NRBF2 was in-
duced with plasmid and performed using Lipofectamine
3000 reagent (Thermo Fisher, USA). Efficiency of trans-
fection was detected by RT-qPCR at 48 h.

Immunohistochemistry and immunofluorescence staining
IHC and IF staining were conducted as previously de-
scribed [23, 25]. For IHC, brain sections (8-μm thick-
ness) were immersed in acetone for 24 h and then
incubated with 3% hydrogen peroxide to eliminate en-
dogenous peroxidase activity. After blocking with 5% bo-
vine serum albumin (BSA) and 0.3% Triton X-100,
sections were incubated with rabbit anti-NRBF2 (1:100,
Proteintech, 24858-1-AP) overnight at 4 °C. Sections
were incubated with secondary antibodies for 1 h at 37
°C and then visualized with a 3,3-diaminobenzidine
(DAB) for 2 min. Images were observed under a light
microscope (Leica, Mannheim, Germany). For IF, brain
sections (8-μm thickness) or cell climbing slices were
blocked with 5% bovine serum albumin (BSA) and 0.3%
Triton X-100 for 2 h at room temperature. Sections
were incubated overnight at 4 °C with rabbit anti-
NRBF2 (1:100, Proteintech, 24858-1-AP), mouse anti-
NeuN (1:500, Abcam, ab104224), mouse anti-GFAP pro-
tein (1:500, Abcam, ab10062), goat anti-Iba-1 (1:500,
Abcam, ab-5076), rabbit anti-LC3B (1:200, CST, #3868),
mouse anti-Lamp2 (1:100, Proteintech, 66301-1-Ig),
rabbit anti-Lamp2 (1:100, Proteintech, 27823-1-AP),
rabbit anti-CHOP (1:100, Proteintech, 15204-1-AP), and
mouse anti-Rab7 (1:200, CST, #95746). Sections were in-
cubated with secondary antibodies for 2 h at room
temperature. Images were observed by a fluorescence
microscope (Leica, Mannheim, Germany). The results
were analyzed by ImageJ software.

Western blotting
Western blotting was performed as previously described
[26]. Proteins from samples were lysed with RIPA lysis

buffer. Forty micrograms of protein was separated by
7.5–15% SDS-PAGE. Then, the protein transferred to
PVDF membranes. The PVDF membranes were blocked
in 5% skim milk for 1 h at room temperature and incu-
bated overnight at 4 °C with the following primary anti-
bodies: rabbit anti-NRBF2 (1:1000, CST, #8633), rabbit
anti-LC3B (1:1000, CST, #2775), mouse anti-Lamp2 (1:
1000, Abcam, 203224), rabbit anti-Romo1 (1:200,
AVIVA Systems Biology, ARP58431_P050), rabbit anti-
GRP78 (1:1000, Proteintech, 11587-1-AP), rabbit anti-
CHOP (1:1000, Proteintech, 15204-1-AP), rabbit anti-
TXNIP (1:1000, Abcam, 188865), rabbit anti-NLRP3 (1:
1000, Abcam, 263899), rabbit anti-TNF-α (1:1000, CST,
#11948), rabbit anti-IL-1β (1:1000, CST, #31203), mouse
anti-Rab7 (1:1000, CST, #95746), rabbit anti-CCZ1 (1:
1000, Proteintech, 22159-1-AP), and goat anti-Mon1A
(1:200, Novus Biologicals, NBP1-52007). The PVDF
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room
temperature. The blots were visualized using the ECL
Plus chemiluminescence reagent kit (Amersham Bio-
science, Arlington Heights, IL, USA), and protein quan-
tification was performed by ImageJ.

Co-IP detection
Co-IP was conducted as previously described [27]. Sam-
ples were lysed and extracted followed by centrifugation.
Protein (500 μg) was incubated with rabbit anti-NRBF2
(5 μg, CST, #8633) or control IgG overnight at 4 °C. The
immune complexes were then linked to protein A/G-
agarose beads for 4 h. The eluted proteins were loaded
onto SDS-PAGE gels.

Measurement of ROS level
Dihydroethidium (DHE) staining [5] was used to meas-
ure the oxidative stress level of mouse brains. For DHE
staining, freshly prepared frozen brain slices (8 μm) were
incubated with 2 μmol/L fluorescent dye dihydroethi-
dium (DHE, Thermo Fisher Scientific, USA) at 37 °C for
30 min in a humidified chamber and protected from
light. Images of DHE staining were obtained and the red
fluorescence intensity was quantified by using ImageJ
software.

Statistical analysis
Continuous data are showed as the mean ± standard de-
viation (SD) or median (interquartile range) based on
the normality and homogeneity of variance. For the data
with a normal distribution, significant differences among
groups were analyzed using Student’s t test (2 groups)
and one-way analysis of variance (ANOVA) (≥ 3 groups).
For the data that failed to be normally distributed, sig-
nificant differences among groups were analyzed using
the Mann-Whitney U test (2 groups) or Kruskal-Wallis
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test (≥ 3 groups). A P value less than 0.05 indicated stat-
istical significance. GraphPad Prism and SPSS software
(Version 23.0) were used for statistical analyses. Investi-
gators were blinded to the identity of groups during the
whole experiment.

Results
SAH model
Physiological parameters, including mean arterial pres-
sure, arterial pH, PO2, PCO2, and blood glucose levels,
were monitored during the surgical procedure. No sig-
nificant changes in those physiological variables were
noted among the different groups (Supplementary Table
S3).

Time-course expression of NRBF2 after SAH
Western blot results indicated that the level of NRBF2
was increased after SAH and peaked at 24 h (Fig. 1A).
Consistently, IHC and IF confirmed the increased ex-
pression of NRBF2 at 24 h after SAH. Moreover, double
IF staining showed that NRBF2 was mainly located in
neurons (NeuN) of the cerebral cortex rather than
microglia or astrocytes (Fig. 1B, C).

Effect of NRBF2 on short-term and long-term neurological
function after SAH
To investigate the potential role of NRBF2 in the patho-
logical process after SAH, downregulation and upregula-
tion of NRBF2 were performed with NRBF2 siRNA and
NRBF2 overexpression mediated by adeno-associated
virus (AAV). Western blotting analysis showing the in-
creased level of NRBF2 with AAV-mediated overexpres-
sion and decreased expression of NRBF2 with siRNA
(Fig. 1D).
When the mice were sacrificed and brain samples were

collected, no significant difference in SAH grade among
the modeling groups was noted (Supplementary Fig.
S2B). We investigated the effectiveness of NRBF2 regula-
tion on aggravated neurological deficits evaluated by the
modified Garcia and Behavior score and cerebral edema
due to SAH. Neurobehavioral scores were evaluated at
both 24 h and 72 h after SAH. The data showed that up-
regulation of NRBF2 ameliorated the neurobehavioral
scores and brain water content in the SAH + NRBF2-
AAV group compared with those in the SAH + NC-
AAV group, while downregulation of NRBF2 aggravated
the neurobehavioral scores and brain water content (Fig.
1E–I).
The MWM was also introduced to evaluate the effect

of NRBF2 on persistent cognitive impairment. Data from
the MWM indicated no significant differences in escape
latency and swimming distance was noted on day 1, sug-
gesting that there were no significant differences in
swimming ability or visual impairment that were

comparable among animals at baseline (Supplementary
Fig. S3A, B). However, in the following days from day 2
to day 5, mice in the SAH + NRBF2-siRNA group pre-
sented a worse performance with increased escape la-
tency and longer swimming distance than those in the
SAH + Scr-siRNA group (Supplementary Fig. S3A, B).
However, mice in the SAH + NRBF2-AAV group mani-
fested a better performance with decreased escape la-
tency and shorter swimming distance than those in the
SAH + NC-AAV group (Supplementary Fig. S3A, B). In
addition, swimming trials suggested that mice in the
SAH + NRBF2 siRNA group exhibited fewer crossovers
and spent less time in the target quadrant in the MWM
than that of mice in the SAH + Scr siRNA group. How-
ever, mice in the SAH + NRBF2-AAV group demon-
strated a better performance in the target quadrant
(Supplementary Fig. S3C–E).

Effect of NRBF2 on autophagy, endoplasmic reticulum
stress, oxidative stress, and neuroinflammation at 24 h
after SAH
Double fluorescence showed that NRBF2 was co-
localized with the lysosomal-associated membrane
marker Lamp2 after SAH, suggesting that NRBF2 was
related to the maturation of autophagosomes (Fig. 2A).
Data from the western blotting analysis demonstrated
that the expression levels of p62, LC3, and Lamp2, were
remarkably higher in the SAH group than in the sham
group. Meanwhile, NRBF2 siRNA injection further de-
creased the expression of LC3 and Lamp2, and increased
the expression of p62, compared to the SAH + Scr
siRNA group. Conversely, NRBF2 AAV injection further
enhanced the expressions of LC3 and Lamp2, and de-
creased the expressions of p62, compared to the SAH +
NC-AAV group (Fig. 2B–E). To further confirm whether
NRBF2 exerts its protective effect against EBI after SAH
by regulating autophagy, mice overexpressing NRBF2
were treated with the autophagy inhibitor 3-MA. We ob-
served that efficient 3-MA treatment as evidenced by a
decrease in autophagic flux (Supplementary Fig. S4A–
C), significantly abolished the neuroprotective effects of
NRBF2, presenting aggravated neurological deficits (Sup-
plementary Fig. S4D, E) and cerebral edema (Supple-
mentary Fig. S4F). In contrast, treatment with the
autophagy inducer Rapa significantly abolished the
neurological impairment of NRBF2 downregulation, as
evidenced by an increase in autophagic flux (Supplemen-
tary Fig. S4G–I), with aggravated neurological deficits
(Supplementary Fig. S4J, K) and cerebral edema (Supple-
mentary Fig. S4L). These data demonstrated that au-
tophagy was involved in the protective effect of NRBF2
against EBI after SAH.
Data from staining demonstrated that overexpression

of NRBF2 evidently inhibited the increase in the number

Zeng et al. Journal of Neuroinflammation          (2021) 18:210 Page 5 of 16



Fig. 1 (See legend on next page.)
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of CHOP-positive cells post-SAH, whereas knockdown
of NRBF2 increased the number of CHOP-positive cells
(Fig. 2F). Furthermore, western blotting analysis also
demonstrated increased expression of the ERS-related
protein GPR78 and CHOP in the SAH group compared
with the sham group. Meanwhile, overexpression of
NRBF2 by AAV further eminently counteracted the
above-mentioned alterations, while knockdown of
NRBF2 enhanced the expression of GPR78 and CHOP
(Fig. 2H–J).
Data from DHE staining demonstrated that the levels

of ROS were remarkably increased in the SAH group
compared with the sham group. Meanwhile, knockdown
of NRBF2 enhanced the production of ROS, while AAV-
mediated overexpression of NRBF2 decreased the level
of ROS (Fig. 2G). Moreover, in line with the results
demonstrated by IF, similar changes in the oxidative
stress protein Romo-1 from diverse groups were con-
firmed by western blot (Fig. 2H, K).
IF staining also showed that the overexpression of

NRBF2 evidently inhibited the increase in the number
of Iba-1 positive microglia post-SAH, whereas knock-
down of NRBF2 increased the number of Iba-1 positive
cells (Fig. 3A). Furthermore, western blotting analysis
also demonstrated increased expression of the
neuroinflammation-related protein TNF-α and IL-1β in
the SAH group compared with the sham group. Mean-
while, overexpression of NRBF2 by AAV further emi-
nently counteracted the above-mentioned alterations,
while knockdown of NRBF2 enhanced the expression of
TNF-α and IL-1β (Fig. 3B–D).

Inhibition of autophagosome and lysosome fusion
reversed the protective effects of NRBF2 on endoplasmic
reticulum stress-associated neuroinflammation and
oxidative stress
Compared with the control groups (SAH + NC-AAV
group), the group treated with the lysosomal inhibitor
CQ abated the beneficial effect derived from NRBF2
overexpression on neurological scores and cerebral
edema (Fig. 4A–C). Additionally, compared with the
SAH + NC-AAV group, the expression of CHOP,
Romo-1, TXNIP, NLRP3, TNF-α, and IL-1β were down-
regulated in the SAH + NRBF2-AAV group (Fig. 4D–J).

Conversely, CQ injection terminated the beneficial effect
derived from NRBF2 overexpression, resulting in in-
creased expression of CHOP, Romo-1, TXNIP, NLRP3,
TNF-α, and IL-1β (Fig. 4D–J).

The protective effects of NRBF2 on endoplasmic
reticulum stress-associated neuroinflammation and
oxidative stress occurred via interaction with Rab7
It has been reported that engagement of NRBF2 leads to
recruitment and stimulation of Rab7 in modulating
autophagosome maturation and then delivers an activa-
tion signal to downstream pathways [14]. We examined
whether an association existed between NRBF2 and
Rab7. By co-immunoprecipitation, NRBF2 appeared to
interact with Rab7 in vivo (Fig. 5A). Co-immunolabeling
further revealed that NRBF2 was co-localized with Rab7,
rendering a physical basis for their interaction (Fig. 5B).
Compared with the control groups (SAH + NC-AAV

group), the group treated with the Rab7 inhibitor CID
abated the beneficial effects caused by NRBF2 overex-
pression on neurological scores and cerebral edema (Fig.
5C–E). Co-immunolabeling and western blotting ana-
lysis showed that NRBF2 overexpression evidently in-
creased the expression of LC3 and Lamp2, whereas CID
injection reversed the expression of Lamp2 but further
increased the expression of LC3 (Fig. 5F–I). Additionally,
CID injection terminated the beneficial effects caused by
NRBF2 overexpression, resulting in increased expression
of CHOP, Romo-1, TXNIP, NLRP3, TNF-α, and IL-1β
(Fig. 5G, J–O).

The MIT domain of NRBF2 is indispensable for the
interaction between NRBF2 and Rab7
We first adopted HT22 cells, a cell line from mouse hip-
pocampal neurons, to confirm that NRBF2 interacted
with Rab7 in vitro by co-IP (Fig. 6A). Co-
immunolabeling further revealed that NRBF2 was co-
localized with Rab7 in HT22 cells, rendering a physical
basis for their interaction (Fig. 6B).
NRBF2 contains an N-terminal MIT domain and the

C-terminal central coiled-coil domain (CCD) (Fig. 6C)
[9]. To further identify the critical domain of NRBF2
that interacts with Rab7, a mutant NRBF2 protein with a
deleted MIT domain was constructed for binding

(See figure on previous page.)
Fig. 1 Expression, distribution, and effect of NRBF2 after SAH. A Representative western blotting images and quantitative analyses of NRBF2
expression in ipsilateral basal cortex after SAH. n = 6. B Representative microphotographs of immunohistochemistry staining showing the
expression of NRBF2 in sham group and SAH 24 h group. n = 3. C Representative microphotographs of immunofluorescence double staining
showing the localization of NRBF2 (red) with NeuN, GFAP, and Iba-1 (green) in sham group and SAH 24 h group. n = 3. D Representative picture
and quantitative analysis of NRBF2 in different groups. n = 6. E–H Quantification of neurological function with two different scoring systems at 24
h (n = 27) and 72 h (n = 10) after SAH. I Quantification of brain water content. n = 6. Data are represented as mean ± SD (A, D, I) or median
(interquartile range) (E–H). Scale bar = 50 μm. *P < 0.05 versus sham group. #P < 0.05 versus SAH group. &P < 0.05 versus SAH + Scr-siRNA
group. @P < 0.05 versus SAH + NC-AAV group

Zeng et al. Journal of Neuroinflammation          (2021) 18:210 Page 7 of 16



Fig. 2 (See legend on next page.)
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studies. In contrast to full-length NRBF2, the data
showed that the NRBF2ΔMIT mutant alone lost the
ability to bind to Rab7 under hemin stimulation (Fig.
6D). We speculated that the MIT domain was indis-
pensable for full-length NRBF2 to compete with Rab7
binding for autophagy maturation. Indeed, we ob-
served that NRBF2 overexpression dramatically en-
hanced the interaction of Rab7 with CCZ1 and
MON1A, markers of autophagosome maturation (Fig.
6D). Conversely, the NRBF2ΔMIT mutant exhibited
limited effects compared with full-length NRBF2 (Fig.
6D). These data indicated that NRBF2 promoted
CCZ1-MON1A-Rab7 complex assembly followed by

autolysosome maturation. Moreover, the process was
dependent on the MIT domain.

Discussion
In our study, we found that the expression of NRBF2
was notably increased after SAH and peaked at 24 h
after SAH. Upregulation of NRBF2 increased autophagy,
and ameliorated ERS-associated neuroinflammation and
oxidative stress, thus alleviating the neurological deficits
and brain edema, whereas downregulation of NRBF2 re-
versed the above protective effects. Importantly, inhib-
ition of the fusion between autophagosomes and
lysosomes with CQ reversed the protective effect of

(See figure on previous page.)
Fig. 2 Effect of NRBF2 on autophagy, endoplasmic reticulum stress, and oxidative stress after SAH. A Representative microphotographs of
immunofluorescence double staining showing the localization of NRBF2 (red) with Lamp2 (green) in SAH 24 h group. n = 3. B–E Representative
western blotting images and quantitative analyses of p62, LC3 II/I, and Lamp2 expression at 24 h after SAH. n = 6. F Representative
microphotographs and quantitative analysis of CHOP-positive cells. n = 5. G Representative microphotographs and quantitative analysis of relative
fluorescence intensity of DHE (red). n = 5. H–K Representative western blotting images and quantitative analyses of GRP78, CHOP, Romo-1
expression at 24 h after SAH. n = 6. Scale bar = 50 μm. Data are represented as mean ± SD. *P < 0.05 versus sham group. #P < 0.05 versus SAH
group. &P < 0.05 versus SAH + Scr-siRNA group. @P < 0.05 versus SAH + NC-AAV group

Fig. 3 Effect of NRBF2 on neuroinflammation after SAH. A Representative microphotographs and quantitative analysis of Iba-1-positive cells.
n = 5. Scale bar = 50 μm. B–D Representative western blotting images and quantitative analyses of TNF-α, and IL-1β expression at 24 h after SAH.
n = 6. Data are represented as mean ± SD. *P < 0.05 versus sham group. #P < 0.05 versus SAH group. &P < 0.05 versus SAH + Scr-siRNA group.
@P < 0.05 versus SAH+NC-AAV group
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NRBF2 on ERS-associated neuroinflammation and oxi-
dative stress. Additionally, Rab7 was demonstrated to
interact with NRBF2, and inhibiting Rab7 abolished the
favorable effects of NRBF2 on the improvement of brain

injury, regulation of autophagy maturation, and ERS-
associated neuroinflammation and oxidative stress. Fur-
thermore, the MIT domain was identified as indispens-
able for the interaction between NRBF2 and Rab7.

Fig. 4 Pharmacological inhibition of the fusion of autophagosome and lysosome abolished the neuroprotective effect of NRBF2 against SAH at
24 h. A, B Quantification of neurological function with two different scoring systems at 24 h after SAH. n = 12. C Quantification of brain water
content. n = 6. D–J Representative western blotting images and quantitative analyses of CHOP, Romo-1, TXNIP, NLRP3, TNF-α, and IL-1β
expression at 24 h after SAH. n = 6. Data are represented as mean ± SD (C, E–J) or median (interquartile range) (A, B). *P < 0.05 versus sham
group. #P < 0.05 versus SAH + NC-AAV group. &P < 0.05 versus SAH + NRBF2-AAV + vehicle group
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Taken together, our findings indicate that NRBF2 con-
veys neuroprotection by ameliorating ERS-associated
neuroinflammation and oxidative stress by promoting
autophagosome maturation after SAH, at least in part
through its interaction with Rab7 (Fig. 7).
More and more studies show the important role of

ERS mediated neuroinflammation and oxidative stress in
EBI after SAH [6, 7]. The accumulation of unfolded pro-
teins in the endoplasmic reticulum represents a cellular
stress induced by multiple stimuli and pathological condi-
tions, which include hypoxia, oxidative injury,
hypoglycemia, protein inclusion bodies, and viral infection
[28, 29]. Pro-inflammatory cytokines, ROS, and dysfunc-
tional organelles are produced in SAH, leading to unnormal
protein folding, thereby activating endoplasmic reticulum
stress and finally progressing to irreversible neurological
deficits [6]. Afterwards, the overactivation of ERS aggravates
the neuroinflammation and oxidative stress, including fur-
ther microglia activation, which aggravates brain injury
after stroke [6, 7, 30]. Therefore, inhibition of microglia

activation and reduction of oxidative stress are beneficial to
EBI after SAH.
Autophagy, a self-eating process, performs critical

functions in SAH [4, 31]. Autophagy begins with the in-
duction of autophagosome formation and ends with
autophagosome degradation in lysosomes. Studies have
shown that EBI, as a stress response mechanism, causes
an increase in autophagosomes in SAH [32]. It is im-
portant to note that the activation of LC3 at a certain
time point does not indicate autophagic flux. Changes in
LC3 levels at a time point could only be explained by ei-
ther increased autophagosome formation caused by acti-
vated autophagy or accumulated autophagosomes
caused by autophagy dysfunction [33]. The formation of
excessive ERS plays an important role in EBI-induced
autophagic cell death after SAH [3–5]. Indeed, there was
crosstalk among ERS, oxidative stress, and autophagy
[34]. Previous studies have shown that both mitochon-
drial and endoplasmic reticulum fragments damaged by
ROS are sequestered in autophagolysosomes to prevent

(See figure on previous page.)
Fig. 5 Pharmacological inhibition of Rab7 abolished the neuroprotective effect of NRBF2 against SAH at 24 h. A The lysates from cortex tissue
were immunoprecipitated with anti-NRBF2. Then, immunoprecipitates were analyzed by western blotting with anti-NRBF2 and anti-Rab7. n = 6. B
Immunostaining for NRBF2 and Rab7 in left cortex area. n = 3. C, D Quantification of neurological function with two different scoring systems at
24 after SAH. n = 17. E Quantification of brain water content. n = 6. F Representative microphotographs of immunofluorescence double staining
showing the localization of LC3B (red) and Lamp2 (green). Scale bar = 50 μm. n = 5. (G-O) Representative western blotting images and
quantitative analyses of LC3 II/I, Lamp2, CHOP, Romo-1, TXNIP, NLRP3, TNF-α, and IL-1β expression at 24 h after SAH. n = 6. Data are represented
as mean ± SD (E, H–O) or median (interquartile range) (C, D). *P < 0.05 versus sham group. #P < 0.05 versus SAH + NC-AAV group. &P < 0.05
versus SAH+NRBF2-AAV + vehicle group

Fig. 6 NRBF2 interacted with Rab7 and the MIT domain was indispensable for the interaction between NRBF2 and Rab7. A The lysates from HT22
cells were immunoprecipitated with anti-NRBF2. Then, immunoprecipitates were analyzed by western blotting with anti-NRBF2 and anti-Rab7. n =
5. B Immunostaining for NRBF2 and Rab7 in HT22 cells. n = 3. C Schematic diagram of NRBF2. D Cell lysates were immunoprecipitated with an
anti-Rab7 antibody and subjected to western blotting with the indicated antibodies, including anti-NRBF2, -CCZ1, -MON1A, and -Rab7. n = 5
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leakage of calcium into the cytosol from these organelles
[35]. Increasing studies have shown that crosstalk among
ERS and autophagy might be the dawn of new thera-
peutic approaches [6, 36–38]. The role of the autophagy
protein NRBF2 in our SAH study have also verified that
enhanced autophagosome clearance is beneficial for neu-
roinflammation and oxidative stress by preventing over-
activation of the ERS.
NRBF2 was newly identified as the fifth component of

PtdIns3K complex 1 [39, 40]. Interestingly, we showed
that the MIT domain of NRBF2 was important for regu-
lating autophagy. In addition, the MIT domain was in-
dispensable for the interaction between NRBF2 and
Rab7 for autophagosome maturation. Previous studies
showed that NRBF2 regulated autophagosome formation
and maturation [9, 14]. As reported, NRBF2 could bind
Atg14L directly and enhance Atg14L-linked Vps34 kin-
ase activity and autophagy induction, and played a vital
role in preventing ERS-mediated cytotoxicity and liver
injury [9]. The effect of NRBF2 on the induction of au-
tophagy was also confirmed by Cao et al. [39]. However,
there is also a controversial study [41] suggested that the
role of NRBF2 in regulating autophagy might be cell
type dependent and needs further exploration. Ma et al.
[12] reported that NRBF2, a critical molecular switch of
PtdIns3K and autophagy activation, was controlled by
phosphorylation via mTORC1. In Alzheimer’s disease,
NRBF2 was identified to play a considerable role in
regulating Alzheimer’s disease-associated protein

degradation by modulating autophagy [11, 14]. In
addition, NRBF2 may be a potential therapeutic target
for cognitive impairment [13]. However, the role of
NRBF2 in autophagosome maturation has only been ex-
plored in colitis and Alzheimer’s disease [10, 14]. This is
the first study to explore the role of NRBF2 in SAH. Ac-
cording to our study, NRBF2 is a protective protein in
injury of ERS-associated oxidative stress and neuroin-
flammation after SAH.
Rab7, found predominantly in late endosomes, has

been recognized as the only lysosomal Rab protein in
the Rab GTPase [42]. The key steps in the maturation of
endosomes are the Rab5-Rab7 switch and the regulation
of the MON1A-CCZ1 complex [43]. Rab7-mediated en-
dosome maturation has been identified to be associated
with several central nervous system diseases, such as
Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and cerebral ischemic diseases [14, 44–46].
However, the role of Rab7 is also controversial, as previ-
ously reported. For instance, Zhan et al. [46] suggested
that activation of Rab7 could enhance autophagosome
maturation, presenting potential neuroprotection in is-
chemic rats, while Qin et al. [19] proposed that inhib-
ition of Rab7 attenuated brain atrophy, improved
neurologic function, and inhibited astrogliosis and glial
scar formation after ischemic stroke. Therefore, the
interplay between Rab7-induced autophagy maturation
and stroke requires further exploration. Cai et al. showed
that NRBF2 colocalized with Rab7 and was required for

Fig. 7 The potential molecular mechanisms of NRBF2-mediated ERS-associated neuroinflammation and oxidative stress via promoting
autophagosome maturation by interacting with Rab7 after SAH
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the generation of GTP-bound Rab7 by interacting with
the Rab7 GEF CCZ1-MON1A and maintaining GEF ac-
tivity [14]. Wu et al. showed that NRBF2 is necessary for
the generation of the active form of Rab7 to promote fu-
sion between phagosomes containing engulfed apoptotic
cells and lysosomes by interacting with the MON1-
CCZ1 complex and regulating the guanine nucleotide
exchange factor (GEF) activity of the complex [10]. Our
study is consistent with the above results that treatment
with a Rab7 inhibitor reversed the anti-oxidative stress
and anti-inflammation effects of NRBF2 in autophago-
some maturation.
Research on the treatment of SAH-related injury has

lasted for a long time, and the discovery of promising
therapeutic targets has always been the goal of SAH re-
searchers. NRBF2, explored in the current study, may
become a promising therapeutic target for ERS-
associated oxidative stress and neuroinflammation after
SAH. It should be pointed out that the compensatory in-
crease in NRBF2 in SAH itself is not enough. If interven-
tion is carried out in SAH to make the increase in
NRBF2 more obvious, it may play a better role in treat-
ment. The clinical approach for NRBF2 intervention can
be broken down into the following aspects: (1) research
and development of new agonists; (2) exploration of
existing clinical drugs with similar effects; (3) explor-
ation of the upstream signaling pathway for NRBF2 to
prepare for further clinical transformation. Although the
present study verified the value of NRBF2 in a Rab7-
relevant mechanism that mediated neuroprotection by
promoting autophagosome maturation in the SAH
model, some limitations of this study should not be ig-
nored. First, it seems to be better to use a conditional
knockout mouse model to exclude many background
differences. Second, only the anti-inflammatory and
anti-oxidative characteristics of the NRBF2 were evalu-
ated in this study, without further investigation of its
roles in apoptosis.

Conclusions
This study shows that NRBF2 is upregulated at 24 h
after SAH and exerts neuroprotection and attenuates
EBI after SAH by reducing ERS-mediated neuroinflam-
mation and oxidative stress by interacting with Rab7.
These findings identify NRBF2-modulated autophago-
some maturation as a potential target for alleviating EBI
after SAH.
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