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Abstract Evidence has shown that the activation of the
autophagy pathway after experimental subarachnoid hem-
orrthage (SAH) protects against neuronal damage. Tert-
butylhydroquinone (tBHQ), a commonly used nuclear
factor erythroid 2-related factor 2 (Nrf2) activator, was
found to significantly enhance autophagy activation. The
aim of this study was to explore the effect of tBHQ treat-
ment on early stage brain injury at 24 h after SAH. The
results showed that tBHQ treatment failed to stimulate an
effective anti-oxidative effect at 24 h after the SAH oper-
ation, but succeeded in ameliorating early brain injury,
including alleviated brain edema, BBB disruption, neu-
ronal degeneration and neurological deficits. Further
exploration found that tBHQ treatment significantly
increased the expression of Beclin-1 and the ratio of
microtubule-associated protein 1 light chain 3 (LC3)-II to
LC3-1, suggesting that autophagy was enhanced after
tBHQ treatment. Moreover, tBHQ treatment restored Bcl-2
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and Bax expression and reduced caspase-3 cleavage, sug-
gesting the protective effect of tBHQ treatment in ame-
liorating brain injury after SAH. Furthermore, tBHQ
enhanced autophagy activation, decreased neuronal
degeneration and improved the neurological score after
SAH in Nrf2-deficient mice. Taken together, these findings
suggest that tBHQ treatment exerts neuro-protective effects
against EBI following SAH by enhancing Nrf2-indepen-
dent autophagy. Therefore, tBHQ is a promising thera-
peutic agent against EBI following SAH.
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Abbreviations

tBHQ Tert-butylhydroquinone

aSAH Aneurysmal subarachnoid hemorrhage

SAH Subarachnoid hemorrhage

Nrf2 Nuclear factor erythroid 2-related factor 2

ARE Antioxidant response elements

Keapl Kelch-like ECH-associated protein 1

RT-PCR Reverse transcription-polymerase chain
reaction

TBI Traumatic brain injury

BBB Blood-brain barrier

CSF Cerebrospinal fluid

NF-kB Nuclear factor-kappa B

PBS Phosphate-buffered saline

GPx Glutathione peroxidase

SOD Superoxide dismutase

LC3-1 Microtubule-associated protein 1 light chain 3-1

LC3-II Microtubule-associated protein 1 light chain
3-11

Flb Fluoro-Jade b
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Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devas-
tating disease with high mortality and morbidity, which not
only causes the immediate death of 25 % of patients, but
also results in persistent cognitive, memory and functional
impairments [1]. Recently, early brain injury (EBI) fol-
lowing SAH has been paid much attention, because EBI
was suggested to contribute more to the poor outcomes
than cerebral vasospasm [2]. Thus, efficient therapeutics
and management for EBI is significantly important in
ameliorating the serious consequences of SAH. Tert-
butylhydroquinone (tBHQ), an Nrf2 activator, is an effec-
tive therapeutic molecule against secondary brain injury
that is induced by traumatic brain injury (TBI), cerebral
ischemia—reperfusion (CIR) and SAH via anti-oxidation or
anti-inflammation [3-8]. Nonetheless, tBHQ is found to
protect mouse hepatic cells from injury by enhancing the
Nrf2-independent autophagy pathway [9]. Interestingly,
enhanced autophagy activity is suggested to be beneficial
in EBI after SAH [10-15]. Moreover, autophagy pathway
activation is critical for accelerating the degradation of an
Nrf2 inhibitor, kelch-like ECH-associated protein 1
(Keapl), and promoting Nrf2 and Nrf2-derived anti-ox-
idative enzyme activation [9, 16—19]. In this present study,
we explored the effect of tBHQ treatment on the early
SAH-induced secondary injury in mice.

Materials and Methods
Animals

All experimental protocols were approved by the Animal
Care and Use Committee of Nanjing University and fol-
lowed the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health. One hundred
thirty male wild type ICR mice and 46 male Nrf2-deficient
mice (all weighted 30-35 g) from the Animal Center of
Jinling Hospital (Nanjing, China) were used. The Nrf2-de-
ficient mice were kindly provided by Dr. Thomas W. Kensler
(Johns Hopkins University. Baltimore, MD, USA), and were
bred in the Animal Center of Jinling Hospital and genetically
identified by reverse transcription-polymerase chain reac-
tion (RT-PCR) before the experiment, as described in our
previous studies [20]. The primers used in RT-PCR appli-
cations are present in Supplementary Table 1. The PCR
results were shown in Supplemental Fig. 1. Homozygous
Nrf2 knockout mice were used in this study. The mice were
housed with free accessing to food and water under envi-
ronmentally controlled conditions (12/12 h light/dark cycle
with a temperature of approximately 25 °C).
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Experimental Design and Drug Administration

A total of 50 mg of tBHQ (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in dimethyl sulfoxide to a final con-
centration of 4 mg/mL in 1 % DMSO-saline. tBHQ was
intraperitoneally (i.p.) injected at a dose of 50 mg/kg
(12.5 ml/kg) divided into three injections at intervals of
8 h, and began immediately after SAH. In accordance with
administration of tBHQ, 1 % DMSO-saline was given i.p.
as a vehicle. This dose and route of tBHQ administration
has been used in our previous study on TBI [8]. Because
there were no significant differences in any of the mea-
surement between the SAH and SAH + vehicle group in
the wild type mice and considering the 3Rs (reduction,
replacement, refinement) principle, we arranged the Nrf2-
deficient mice into three groups for western blotting
detection and two groups for the EBI test. All the animals
were euthanized at 24 h after SAH.

Subarachnoid Hemorrhage Model

The subarachnoid hemorrhage was produced by injecting
autologous blood into the pre-chiasmatic cistern according
to Sabri’s instructions and our previous study [20-22].
Briefly, the mice were anesthetized by i.p. injection of
chloral hydrate (350 mg/kg). An incision was made in the
right inguinal region after disinfection with 0.5 % iodine.
Aided by a surgical microscope, the femoral artery was
isolated and punctured using a 100 pl Hamilton microsy-
ringe. Moreover, 100 ul of autologous blood was with-
drawn from the slowly outflowing blood, hemostasis was
quickly established using sterile soluble hemostatic gauze
and the wounds were quickly sutured. Then, an incision was
made in the midline of the anterior scalp to expose the
transparent skull. A mini hole was drilled 40° caudally in
the skull at 5 mm anterior to the bregma, the microsyringe
was advanced to approximately 4 mm through the burr at
40° caudally. For the SAH and vehicle group, 100 pl of
blood was injected into the skull base within 15 s, while the
sham group animals underwent exactly the same procedure
as described above, but with no blood injected. The syringe
was retained for about 5 min before removal, and the hole
was plugged with bone wax. After suturing the wound,
150 wl of saline was injected into the peritoneal cavity
immediately after the operation. Then, the mice were
returned to their cages in a temperature-controlled room.

Tissue Preparation

The brain samples were harvested at 24 h after the SAH
operation. Briefly, after deep anesthesia with chloral hydrate
(400 mg/kg, i.p.), the mice were exsanguinated by intrac-
ardial perfusion with 0.9 % saline (0—4 °C) and quickly
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decapitated. For the molecular biological and biochemical
measurements, the cortex sample from both temporal lobes
was removed and rinsed in 0.9 % normal saline (0—4 °C)
several times to wash away blood clots and then frozen in
liquid nitrogen until use. For Fluoro-Jade b staining (FJb),
the mice were anesthetized and intracardially perfused with
0.9 % saline (0—4 °C) followed by 4 % paraformaldehyde
(04 °C). Then mice were decapitated, and the obtained
tissue samples were immediately frozen in liquid nitrogen,
and then transferred to a —80 °C freezer until use.

Measurement of Glutathione Peroxidase (GPx)
and Superoxide Dismutase (SOD) Activities

To investigate the anti-oxidant effect of tBHQ treatment at
24 h after SAH, the GPx and SOD activities were measured
using a commercially available kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the
manufacturers’ instructions and our previous study [8, 23—
25]. Briefly, at 24 h after SAH, the inferior basal temporal
lobe tissue (about 50 pg from both temporal lobes) were
removed from the mice and homogenized in nine volumes
(grams per liter) of ice-cold saline for 10 min using a
Dounce Tissue Grinder (Kimble and Kontes, Vineland, NJ,
USA). The samples were centrifuged at 12,000g for 10 min
at 4 °C. The supernatant was used to measure the GPx and
SOD activities using a spectrophotometer. The total protein
concentrations were determined by the Bradford method.
The results were expressed as units per milligram of protein
in relation to the prepared standards.

Brain Edema and BBB Disruption

Brain edema was investigated by detection of the brain
water content. At 24 h after SAH operation, the mice were
perfused with ice-cold saline after being deeply anes-
thetized. The cerebral hemispheres of the forebrain were
quickly isolated, separated and weighed (wet weight). The
brain specimens were then dried in an oven at 85 °C for
72 h and weighed again (dry weight). The percentage of
water content was calculated as follows: (wet weight-dry
weight)/wet weight.

BBB disruption was investigated using Evans blue
extravasation. At 21 h after the SAH operation, Evans blue
dye (2 %, 4 ml/kg of body weight) was injected i.p. and
allowed to absorb for 3 h. Then, the mice were deeply
anesthetized and perfused with ice-cold saline. The tem-
poral lobe tissues were collected, weighed, homogenized in
PBS, and centrifuged at 15,000g for 30 min. A 0.5 ml
sample of the resulting supernatant was added to an equal
volume of 50 % trichloroacetic acid. After incubation
overnight and centrifugation at 15,000g for 30 min at 4 °C,
the supernatant was used for spectrophotometric

quantification at 610 nm. The Evans blue content was
expressed as pg per gram of protein.

Fluoro-Jade b (FJb) Staining

Neuronal degeneration was evaluated by FJb staining, and
the procedure was performed according to the manufac-
turer’s protocol and previous studies [26, 27]. Briefly,
10-um thick frozen cryostat sections mounted on gelatin-
coated slides were prepared. The slides bearing the frozen
tissue sections were first immersed in a basic alcohol
solution consisting of 1 % sodium hydroxide in 80 %
ethanol for 5 min. They were then rinsed for 2 min in 70 %
ethanol, for 2 min in distilled water, and then incubated in
a 0.06 % potassium permanganate solution for 10 min.
Following a 1-2 min water rinse, the slides were then
transferred to a 0.0004 % solution of FJb (Millipore, USA)
dissolved in 0.1 % acetic acid vehicle for 10 min. The
slides were then rinsed through three changes of distilled
water for 1 min each. Then, the slides were air-dried, cover
slipped and visualized using a microscope system. Micro-
scopic examination of the stained tissue sections was per-
formed by a pathologist blinded to the experimental
groups. The extent of brain damage was evaluated by the
number of Flb-positive cells in 10 fields (at 200x magni-
fication) that were restricted to the temporal cortex in every
coronal section.

Neurological Function Assessments

Due to the implementation of the 3Rs principle to reduce
the number of animals and expand our testing sample, the
neurobehavioral examination was performed at 21 h after
the SAH operation using the Garcia scoring system, as
previously described [28-31]. The evaluation consists of
six tests that can be scored from O to 3 or 1 to 3. These six
tests include: spontaneous activity, symmetry in the
movement of all four limbs, forelimb outstretching,
climbing, side stroking, and the response to vibrissae touch
(Supplemental Table 2). The animals were given a score of
3-18 in each step (higher scores indicate better function).

Western Blotting Analysis

Briefly, the frozen brain samples were homogenized in
extract buffer with protease inhibitors (PMSF) and cen-
trifuged at 12,000g for 15 min at 4 °C. Then, the protein
concentrations were quantified using the Bradford Assay.
Equal amounts of proteins were placed in each lane of the
SDS-PAGE (10 % for Beclin-1, 12 % for Bcl-2 and Bax,
and 15 % for LC3 and cleaved caspase-3), electrophoresed,
and then transferred to a PVDF membrane (Millipore,
USA). The membrane was blocked with 5 % non-fat milk
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for 2 h at room temperature, and then incubated overnight at
4 °C with primary antibodies against Beclin-1 (MW
53 kDa, 1:1000 dilution, CST, USA), LC3 (MW
14/16 kDa, 1:1000 dilution; Novus, USA), cleaved caspase-
3 (MW 17 kDa, 1:1000 dilution; Novus, USA), Bcl-2 (MW
26 kDa, 1:1000 dilution, Abcam, USA), Bax (MW 20 kDa,
1:1000 dilution, Abcam, USA), and B-actin (MW 43 kDa,
1:5000 dilution; Bioworld, USA). Then, the membranes
were washed with TBST for 3 x 10 min, and, subse-
quently, were incubated with a goat anti-rabbit IgG-horse-
radish (1:5000, Bioworld, USA) secondary antibody for 2 h
at room temperature. Next, the membranes were washed
with TBST again for 3 x 10 min. The blotted protein bands
were visualized by ECL Western blot detection reagents
(Millipore, USA), and were exposed to X-ray film (Kodak,
China). B-actin was employed as a loading control.

Statistical Analysis

The data are expressed as the mean £+ SD. The statistical
differences between the controls and the other groups were
compared by one-way ANOVA, and the differences
between groups were determined by Bonferroni analysis.
All of the data were analyzed by SPSS 16.0. Statistical
significance was inferred at P < 0.05.

Results
SAH Model and Mortality

The temperature and arterial blood injection were strictly
controlled throughout the experimental process. The mice
that died during anesthesia or the blood injection were not
included in the mortality calculations. The mortality rate in
each group was 10 %, and no significant differences in
mortality were found between the SAH, SAH + vehicle
and SAH + tBHQ groups of wild type mice (P > 0.05,
data not shown), as well as between the SAH + vehicle
and SAH + tBHQ groups of Nrf2-deficient mice. None of
the animals in the sham group died. General observations
of the SAH mice brains and the inferior basal temporal lobe
tissue taken for analysis were shown in Fig. 1.

The tBHQ Treatment Attenuated Brain Edema
and the Blood-Brain Barrier Disruption at 24 h
After SAH

The brain water content, an indicator of brain edema, was
measured to confirm the protective effect of tBHQ at the
macroscopic level. As shown in Fig. 2a, compared to the sham
group, the SAH and SAH + vehicle groups showed a sig-
nificant increase in the brain water content (P < 0.05), while
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Fig. 1 Images of the mouse subarachnoid hemorrhage model. The
ventral brain surfaces from mice subjected to the sham (a) and SAH
(b) operations and the cortex area used for the detection are shown in
the masked areas

the tBHQ-treated group showed a significant restoration in
brain water content compared to the vehicle group (P < 0.05).
There was no significant difference between the SAH and
vehicle groups (P > 0.05). Therefore, tBHQ showed protec-
tive effects against SAH-induced brain edema.

Blood-brain barrier (BBB) disruption or dysfunction
may lead to abnormal vascular permeability for macro-
molecules. Therefore, we measured the cerebral Evans blue
extravasation to assess the severity of the BBB damage. As
is shown in Fig. 2b, extravasation of Evans blue dye was
significantly increased compared to the sham group at 24 h
in the SAH and SAH + vehicle group (P < 0.05).
Extravasation was significantly restored in the tBHQ-trea-
ted group (P < 0.05). There were no significant differences
between the SAH and vehicle groups (P > 0.05). Hence,
tBHQ ameliorated the BBB dysfunction.

The tBHQ Treatment Alleviated Neuronal
Degeneration at 24 h After SAH

Fluoro-Jade b (FJb) staining is a method to explore neu-
ronal degeneration. As shown in Fig. 3a, a very small
amount of FJb-positive neurons were found in the brains of
the mice in the sham group (a). Compared to the sham
group, the number of Flb-positive cells was significantly
increased in the SAH and SAH + vehicle group (b and c,
P < 0.05), while the tBHQ treatment reduced the number
of FJb-positive neurons in the cortex compared to the
SAH + vehicle group (d, P < 0.05). There was no statis-
tically significant difference between the SAH group and
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Fig. 2 Effect of the tBHQ treatment on the brain water content and
BBB permeability. a The brain water content is significantly
increased in the SAH and Vehicle groups, and the tBHQ treatment
reduced this increase. b The Evans blue dye extraction is significantly
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Fig. 3 FJb staining. A The FJb staining shows rare degenerating
neurons in the cortex in the sham group (a), while obvious FJb-
positive neurons are observed in the SAH (b) and SAH + vehicle
groups (c). Fewer FJb-positive neurons appeared in the tBHQ-treated

the vehicle group (P > 0.05).The result showed that the
tBHQ treatment reduced neuronal degeneration in the
cortex after SAH.

The tBHQ Treatment Ameliorated the Neurological
Deficits at 24 h After SAH

The neurological deficits were evaluated by the behaviors
and neurological function of the mice. As is shown in
Fig. 4, the neurological scores observed in the SAH and
SAH + vehicle group were significantly lower than the
sham group (P < 0.01), whereas a small improvement of
neurological outcomes was observed in the tBHQ-treated
group. Thus, tBHQ is effective in improving the SAH-
induced neurological deficits in mice.

The tBHQ Treatment Failed to Increase
the Antioxidant Capacity at 24 h After SAH
in the Wild Type Mice

Because tBHQ is a commonly used Nrf2 activator that
exhibited potent anti-oxidant properties in previous studies
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increased in the SAH and Vehicle groups, while the tBHQ treatment
reversed this increase (n = 6 for each group. The data represent the
mean £ SD. *P < (0.05 versus the sham group; #P < 0.05 versus the
SAH + vehicle group)
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group (d). B Quantification of the number of FJb-positive neurons in
(A) (n =6 for each group. The data represent the mean £ SD.
#P < 0.05 versus the sham group; *P < 0.05 versus the SAH + ve-
hicle group. Scale bar 20 pm)
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Fig. 4 Neurological evaluation. The neurological scores in the SAH
and SAH + vehicle groups were significantly lower than the sham
group, and were partially restored by the tBHQ treatment (n = 6 for
each group. The data represent the mean + SD. *P < 0.05 versus the
sham group; #P < 0.05 versus the SAH + vehicle group)

[5, 8], we measured the GPx and SOD activities to inves-
tigate the antioxidant effect of tBHQ at 24 h after tBHQ
treatment following the SAH operation. As shown in
Fig. 5, SAH induced a significant decrease in both the GPx
and SOD activities (P < 0.01). However, the tBHQ
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Fig. 5 Glutathione peroxidase (GPx) and superoxide dismutase
(SOD) activity levels. Both the GPx (a) and SOD (b) activities in
the SAH and SAH + vehicle groups were significantly lower than the
sham group. Although they were partially restored by the tBHQ

treatment did not statistically increase the GPx and SOD
activities at 24 h after SAH (P > 0.05). Thus, tBHQ failed
to provide anti-oxidant neuro-protection in a relatively
short time after treatment.

The tBHQ Treatment Enhanced Autophagic
Marker Expression at 24 h After SAH in Wild Type
Mice

Autophagy, a cellular process that recycles cellular con-
stituents, was suggested to be neuro-protective against EBI
after SAH [11, 14, 32]. As shown in Fig. 6a, western blots
showed that the expression of Beclin-1 and the ratio of the
conversion of light chain-3 II (LC3-]) to the light chain-3 I
(LC3-I) were significantly increased after SAH. Moreover,
SAH-induced autophagy activation in the SAH and
SAH + vehicle group was further enhanced by the tBHQ
treatment, as indicated by the additional increase in Beclin-
1 expression and the LC3-II/LC-3I ratio. There was no
significant difference between the SAH group and the
vehicle-treated group (P > 0.05).

The tBHQ Treatment Increased Bcl-2 Expression,
Reduced Bax Expression and Inhibited Caspase-3
Cleavage After SAH in Wild Type Mice

As Bcl-2, Bax and cleaved caspase-3 are critical for the
regulation of cell survival and apoptosis, we examined the
effect of tBHQ administration on the expression of those
proteins in the temporal tissue of the brain following SAH.
From the Western blot analysis shown in Fig. 6b, we found
that the protein level of Bcl-2 in the SAH and
SAH + vehicle group was significantly decreased com-
pared to the sham group (P < 0.05), In contrast, the tBHQ
treatment partially restored the SAH-induced down-regu-
lation of Bcl-2 in the brain tissue (P < 0.05). Moreover,
SAH markedly up-regulated Bax and cleaved caspase-3
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treatment, there were no significant differences compared to the SAH
or SAH + vehicle group. n = 6 for each group. The data represent
the mean £ SD. *P < 0.05 versus the sham group

expression in the brain tissue compared to the sham mice
(P < 0.05). The administration of tBHQ reduced the
expression of Bax and cleaved caspase-3 in the brain tissue
following SAH in mice (P < 0.05). Thus, the tBHQ
treatment after SAH provided neuro-protection against
SAH.

The tBHQ Treatment Enhanced Autophagy
Activation and Ameliorated Early Brain Injury
in the Nrf2-Deficient Mice at 24 h After SAH

Because the study by Song et al. [9] suggested that tBHQ-
enhanced autophagy is Nrf2-independent, we examined the
effect of tBHQ on EBI in the Nrf2-deficient mice. Similar
to the wild type mice, the SAH-induced increased
expression of Beclin-1 and the LC3-II/LC-3I ratio were
enhanced (Fig. 7a), indicating that the tBHQ treatment
enhanced autophagy in the Nrf2-deficient mice after SAH
(P < 0.05). Furthermore, we compared the neuronal
degeneration and neurological deficits between the vehicle-
and tBHQ-treated groups of Nrf2-deficient mice (Fig. 7c—
e). The results indicated that the tBHQ treatment amelio-
rated EBI by attenuating the SAH-induced neuronal
degeneration and neurological deficits in the Nrf2-deficient
mice.

Discussion

In this study, we demonstrated that tBHQ treatment is able
to ameliorate EBI at 24 h after SAH in mice by attenuating
brain edema, protecting the BBB from disruption, allevi-
ating neuronal degeneration, and improving neurological
deficits. Enhanced autophagy and restoration of the apop-
totic regulatory proteins Bcl-2, Bax and cleaved caspase-3,
but not adequate anti-oxidant enzyme activity, were
explored at 24 h after tBHQ treatment as the potential
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Fig. 6 Expression of the autophagy-related proteins Beclin-1 and
LC3 and apoptotic regulatory factors. a Western blot detection of the
autophagy markers Beclin-1 and LC3. b Quantification of the
expression of Beclin-1 and the LC3-II/LC3-I ratio in (a). Increased
expression of Beclin-1 and the LC3-II/LC3-I ratio in the SAH and
SAH + vehicle groups, and an additional increase in the expression
of Beclin-1 and the LC3-II/LC3-I ratio in the SAH + tBHQ group
were detected in the temporal cortex of mice after SAH. ¢ Western

A C
LC3-1 16kDa
LC3-1I 14kDa
Sham SAH+Veh  SAH+tBHQ
3 Sham

B 15 SAH+Veh D
> # B3 SAHHBHQ 8-
‘D
g 01 # 2 604
o o
E 2
> = 40
% 051 g
& ﬁ 20 -

0.0 - o0

LC3-11/LC3-l

Beclin-1/ actin

Fig. 7 The effect of tBHQ in the Nrf2-deficient mice after SAH.
A Representative Western blots of Beclin-1 and LC3. B Quantification
of Beclin-1 and LC3 in (A). The expression of Beclin-1 and the LC3-
II/LC3-I ratio are significantly increased after SAH in the tBHQ-
treated mice. C Representative pictures of FJb staining after SAH.
D Quantification of the FJb-positive cells in (A). There were fewer

mechanisms underlying the amelioration of EBI. More-
over, the tBHQ treatment exhibited neuro-protective
effects after SAH in the Nrf2-deficient mice. The results

Relative intensity

Cleaved
caspase-3

B-actin

Sham SAH SAH+Veh SAH+BHQ
1.5 - 3 Sham
* % SAH
i L. €23 SAH+Veh
zroq||x = ?2 @ SAHHBHQ
il
<. || |AZ0 RA%
4 2 2 7 gl
7 W) P
oo LLIAZ Al QY
Bcl-2 Bax Caspase-3

blot of apoptotic regulatory factors Bcl-2, Bax and cleaved caspase-3.
d Quantification of the expression of Bcl-2, Bax and cleaved caspase-
3 in (¢). Decreased expression of Bcl-2 and increased expression of
Bax and cleaved caspase-3 were observed in the SAH and
SAH + vehicle groups, while the expression of Bcl-2, Bax and
cleaved caspase-3 were partially restored after the tBHQ treatment
(n = 6 for each group. The data represent the mean £ SD. *P < 0.05
versus the sham group; *P < 0.05 versus the SAH + vehicle group)
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degenerating cells in the cortex of the tBHQ-treated Nrf2-deficient
mice after SAH. E Representative neurological scores after SAH in
the Nrf2-deficient mice (n = 6 for each group. The data represent the
mean £ SD. *P < (0.05 versus the sham group; #P < 0.05 versus the
SAH + vehicle group. Scale bar 20 pm)

revealed that tBHQ treatment ameliorated EBI after SAH
in mice by enhancing Nrf2-independent autophagy. Our
observations provide new insights that are pertinent to the
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Nrf2/Keapl-mediated oxidative autophagy, which is doc-
umented in cancer biology [18], but poorly studied in brain
[19], and seemingly involved in various brain injuries.

Tert-butylhydroquinone (tBHQ) is a synthetic phenolic
antioxidant, which is widely used as a food preservative to
extend the shelf life of food [33-35]. A rich body of evi-
dence has demonstrated that tBHQ may protect against
cellular dysfunction that is induced by oxidative stressors,
such as alcohol, hydrogen peroxide and glutamate, in
various cell types [9, 36-38]. It has been well-established
that tBHQ exerts its antioxidant function by increasing
Nrf2 stability via inhibition of Keapl-mediated ubiquiti-
nation [38-41]. Based on these observations, tBHQ has
become a widely employed Nrf2 activators in a variety of
experimental settings [5, 8]. The protective role of tBHQ in
neuronal injury has been documented in both cell culture
and animal studies [8, 38-41]. Moreover, our previous
studies showed that tBHQ administration suppressed
cerebral and intestinal inflammation and reduced the sec-
ondary damage following TBI [6, 42]. Therefore, tBHQ
administration could provide the neuro-protection against
various types of brain injury.

Because tBHQ is suggested to be a potent antioxidant,
we have detected the GPx and SOD enzyme activities to
estimate the effect of tBHQ on oxidation resistance in the
present study. The results showed that the GPx and SOD
enzyme activities in the tBHQ-treated mice were higher
than the vehicle-treated group, but were not significantly
different at 24 h after the tBHQ treatment. However, our
previous experiments found that tBHQ pretreatment
attenuated cerebral oxidative stress in mice after TBI [8].
In addition, tBHQ pretreatment reduced the ischemia—
reperfusion-induced neurological deficits in rats via the
Nrf2-derived anti-oxidant pathway [40]. Therefore, we
propose that the time interval of 24 h between the tBHQ
treatments and the experimental detection in this study was
not sufficient to activate Nrf2 and Nrf2-derived antioxidant
proteins. Moreover, this may be the reason why studies on
the anti-oxidant effects of tBHQ in vivo prefer “pretreat-
ment” [5, 8, 40].

However, Taguchi and colleague found that autophagy-
mediated degradation of Keapl (an intrinsic inhibitor of
Nrf2) is essential for the maintenance of cellular redox
homeostasis [16]. They also found that the Keap1 protein is
constitutively degraded through the autophagy pathway, and
tBHQ treatment accelerated Keapl degradation by enhanc-
ing autophagy. Moreover, a recent study on the tBHQ-me-
diated protection against lipotoxicity in hepatocytes
uncovered that the protective effect of tBHQ is Nrf2-inde-
pendent [9]. They found that tBHQ was a strong inducer of
autophagy, and autophagy inhibition abolished the protec-
tive effect of tBHQ. Autophagy, which is a cellular pathway
for the degradation and recycling of proteins and organelles
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to ensure cell survival, is suggested to play a favorable role
in EBI after SAH [15, 32]. Wang and colleagues found that
autophagy activity was dramatically increased in the tem-
poral cortex after SAH [14], and they found that the rapa-
mycin-enhanced autophagy activity significantly
ameliorated the early brain damage, including brain edema,
BBB impairment, cortical neuron apoptosis and neurological
deficits, while it inhibited 3-MA-induced autophagy in
aggravated EBI after SAH in rats [14]. Therefore, proper
enhancement of the autophagy pathway is beneficial in EBI
after SAH. The tBHQ-enhanced autophagy protects mouse
hepatocytes from injury [9], and the autophagy-induced
Keapl degradation is important for maintaining Nrf2 acti-
vation [9, 17, 43]. Thus, we evaluate whether autophagy is
involved in the protective role of tBHQ treatment in EBI
after SAH in mice. As shown in the present study, increased
expression of Beclin-1 and increased conversion of LC3-I to
LC3-1I after SAH in mice suggested the activation of
autophagy after SAH, and the additional increase in Beclin-1
expression and the LC3-II/LC3-I ratio after tBHQ treatment
suggested that autophagy was enhanced. Accompanying the
enhanced activation of autophagy with tBHQ treatment, the
secondary injury after SAH, such as brain edema, BBB
disruption and neurologic deficits, is ameliorated. Thus, we
are in a position to conclude that tBHQ treatment amelio-
rates EBI by enhancing autophagy.

Because the tBHQ-enhanced autophagy is independent
of Nrf2 in hepatocytes [9], we further tested the effect of
tBHQ treatment in Nrf2-deficient mice at 24 h after SAH.
The result revealed that the tBHQ treatment not only
enhanced autophagy, but also decreased neuronal degen-
eration and improved the neurological scores of Nrf2-de-
ficient mice after SAH. Therefore, in addition to its role as
an Nrf2 activator, tBHQ provides neuro-protection against
EBI by enhancing autophagy after SAH.

Conclusions

In addition to its protective anti-inflammation and anti-
oxidation effects after brain injury, we found a new
mechanism for tBHQ in protecting against EBI after SAH
by enhancing Nrf2- independent autophagy in vivo. tBHQ
may be a promising therapeutic agent in the treatment of
SAH patients in the future.
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