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Carnosic acid (CA) has been reported to exhibit a variety of bioactivities including
antioxidation, neuroprotection, and anti-inflammation; however, the impact of CA on
subarachnoid hemorrhage (SAH) has never been elucidated. The current study was
undertaken to explore the role of CA in early brain injury (EBI) secondary to SAH
and the underlying mechanisms. Adult male Sprague-Dawley rats were perforated to
mimic a clinical aneurysm with SAH. CA or vehicle was administered intravenously
immediately after the SAH occurred. Mortality, SAH grade, neurologic function scores,
brain water content, Evans blue extravasation, and the levels of reactive oxygen species
(ROS) levels in the ipsilateral cortex were determined 24 h after the SAH occurred.
Western blot, immunofluorescence, Fluoro-Jade C (FJC) and TUNEL staining were
also performed. Our results showed that CA decreased ROS levels, alleviated brain
edema and blood-brain barrier permeability, reduced neuronal cell death, and promoted
neurologic function improvement. To probe into the potential mechanisms. We showed
that CA increased SIRT1, MnSOD, and Bcl-2 expression, as well as decreased p66shc,
Bax, and cleaved caspase-3 expression. Interestingly, sirtinol, a selective inhibitor of
SIRT1, abolished the anti-apoptotic effects of CA. Taken together, these data revealed
that CA has a neuroprotective role in EBI secondary to SAH. The potential mechanism
may involve suppression of neuronal apoptosis through the SIRT1/p66shc signaling
pathway. CA may provide a promising therapeutic regimen for management of SAH.

Keywords: subarachnoid hemorrhage, carnosic acid, p66shc, early brain injury, apoptosis

INTRODUCTION

Subarachnoid hemorrhage (SAH) is considered to be one of the most devastating cerebrovascular
accidents, leading to a >50% combined morbidity and mortality rate (Chen et al., 2014b). Previous
studies have attached importance to the vasospasm secondary to SAH, which is thought to
mainly account for the delayed neurologic deficits that occur; however, clinical trials aimed at
anti-vasospasm treatment have failed to promote the prognosis of SAH patients (Sehba et al., 2012;
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Sehba and Friedrich, 2015; Fan et al., 2017). The collective
evidence indicates that early brain injury (EBI) contributes to the
outcome of SAH. Although the specific mechanisms underlying
EBI are controversial, neuronal apoptosis is deemed to have a
fatal role in the process and might explain the short and long-
term severe pathology of the disease (Biller et al., 1988; Cahill
et al., 2006). Thus, extra effort is needed to develop an original
and drug targeting apoptosis, which may provide a therapeutic
regimen for SAH management.

Apoptosis is a complicated progress and multiple factors have
been reported to trigger the process. Reactive oxygen species
(ROS) are major causative factors inducing apoptosis (Redza-
Dutordoir and Averill-Bates, 2016; Wu et al., 2017; Xia et al.,
2018). SIRT1 is a well-characterized member of the highly
conserved (NAD+)-dependent class III histone deacetylases and
it could restrained ROS and apoptosis (Langley et al., 2002;
Brunet et al., 2004). It has been demonstrated that overexpression
of SIRT1 protects cardiomyocytes from oxidative injury (Cheng
et al., 2003; McBurney et al., 2003; Xie et al., 2012). We previously
reported that activated SIRT1 exhibited neuroprotection in SAH
(Zhang X.S. et al., 2016); however, the underlying mechanism
remains to be elucidated. P66shc, an isoform of the adapter
protein ShcA, is a redox enzyme that can stimulate ROS
generation and induce apoptosis (Giorgio et al., 2005; Galimov,
2010). Consistently, P66shc knockout mice have been reported
to exhibit 30% longer lifespan and exert intensive resistance to
oxidant stress (Berry et al., 2007; Kumar et al., 2014; Vikram et al.,
2014). Recent studies suggested that p66shc may be regulated
by SIRT1 (Chen et al., 2013; Shan et al., 2015). In SIRT1
transgenic diabetic mice, a decreased expression of p66shc has
been observed (Zhou et al., 2011). Therefore, we hypothesize
that SIRT1-mediated p66shc suppression may contributed to the
prevention of SAH-induced brain injury.

Recently, more and more attentions have been paid to
natural herbs in the treatment of SAH. Carnosic acid (CA),
one of the dominant phenolic compounds in rosemary and
sage leaves exhibits various pharmacologic properties, including
antiapoptotic, antioxidant and chemopreventive activities (Shan
et al., 2015). CA has been shown exhibit a protective effect against
various tissue injuries by suppressing apoptosis (Xie et al., 2012;
Chen et al., 2013; Shan et al., 2015). It has been reported that
SIRT1 can be activated by plant polyphenols, such as resveratrol
and quercetin (Chung et al., 2010). Likewise, SIRT1 may also
be activated by CA. In this study, we sought to investigate the
antiapoptotic effect of CA on protecting against SAH. And the
regulation of SIRT1/p66shc pathway involved in CA-mediated
protective activity in SAH was also explored.

MATERIALS AND METHODS

Animals and Cell Lines
Animals
Adult male Sprague-Dawley rats (Slac Laboratory Animal
Company Limited, Shanghai, China) weighting between 300 and
320 g (6–8 weeks of age) were used in the current study. The
animals were housed under controlled temperature and humidity

conditions with a 12 h light/dark cycles. All experiments were
approved by the Institutional Ethics Committee of Zhejiang
Province and consistent with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and
Animal Research.

Cell Culture
PC12 cells were obtained from American Type Culture
Collection (ATCC, United States). Cells were maintained in
DMEM supplemented with 10% FBS, 30 µg/ml penicillin, and
100 µg/ml Streptomycin at 37◦C under a 5% CO2 atmosphere.
For chemical treatment, cells were seed in 6-well plates and
treated with 10 µM CA alone or together with 15 µM
sirtinol for 24 h.

SAH Model
The rat model were established as previously described (Li
et al., 2016). Briefly, the rats were anesthetized with 40 mg/kg
of pentobarbital sodium intraperitoneally. Second, the left
carotid artery and its branches were dissected. A blunted 4-
0 monofilament nylon suture was stabbed into the internal
carotid artery from the external carotid artery and stopped until
resistance appeared. Then the bifurcation of the anterior and
middle cerebral arteries was punctured. Sham rats underwent a
similar procedure without the vessel puncture. Finally, the suture
was withdrawn after approximately 15 s. All rats were maintained
at 37.5◦C on a heating pad with rectal thermometer.

Study Design
Experiment 1
To character the time course of p66shc after SAH, we detected
the protein using a western blot assay in sham and SAH
models for 1, 3, 6, 12, 24, 48, and 72 h (n = 6). Additionally,
immunofluorescence co-staining was performed to localize
p66shc in SAH rats (n = 6).

Experiment 2
One hundred twenty rates (163 rats were used and 43 rats
died) were randomly allocated into four groups: sham (n = 30),
SAH (n = 30/45), SAH + vehicle (n = 30/44), and SAH + CA
(n = 30/44). The SAH group, the SAH + vehicle group and
the SAH + CA groups were subjected to SAH. In addition,
SAH + vehicle group and SAH + CA groups were treated with
vehicle and CA, respectively. A similar procedure to that used in
the SAH group was performed in the sham group but without
perforation. All rats were evaluated 24 h after SAH was induced.
SAH grade, neurologic score, brain water content, and Evans blue
extravasation, and ROS assay, TUNEL staining, FJC staining, and
Western blot analysis results were determined in each group.

Experiment 3
Seventy-two rats (107 rats were used and 35 rats died) were
randomly assigned into 4 groups at random: SAH + vehicle
group (n = 18/28), SAH+ CA group (n = 18/26), SAH+ sirtinol
group (n = 18/27) and SAH + CA + sirtinol group (n = 18/26).
Rats in the SAH + vehicle, the SAH + CA and the SAH +
sirtinol group were exposed to SAH and treated with vehicle,
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CA, and sirtinol, respectively. The SAH + CA + sirtinol group
was exposed in SAH and dealt with CA and sirtinol. The end
point was 24 h after SAH. Brain water content, and Western
blot analysis, FJC staining findings and TUNEL staining were
determined in each group, respectively.

Drug Administration
Carnosic acid was purchased from Tokyo Chemical Industry
(Tokyo, Japan) and dissolved in dimethyl sulfoxide (DMSO).
The dose and the time point of CA was chose according to
a previous study (Miller et al., 2015). Vehicle (0.5% DMSO
in a 10% Ethanol/90% PBS solution) or CA (3 mg/kg in a
10% Ethanol/90% PBS vehicle solution) were administrated
intraperitoneally immediately after SAH. CA and its vehicle were
administered 24 h prior to tissue collection. Sirtinol (Sigma-
Aldrich, St. Louis, MO, United States) was administered via
intracerebroventricular injection as previously described (Yan
et al., 2016; Li et al., 2018). In brief, a small burr hole was drilled
into the skull (1.5 mm posterior and 1.0 mm lateral relative to
the bregma) after the rats were anesthetized. A 10 µl Hamilton
syringe needle (Microliter 701; Hamilton Company, Reno, NV,
United States) needle was inserted into the left lateral ventricle
through the hole at a depth of (3.5 mm below the horizontal
plane of the bregma). Sirtinol (a SIRT1 inhibitor) was dissolved
in DSMO and further diluted in sterile saline to a final DSMO
concentration of 0.5% [the dose of sirtinol was selected based
on previous study (Zhang X.S. et al., 2016)]. Either sirtinol or
vehicle was injected into the left lateral ventricle 2 h before SAH.
The syringe was left in situ for at least 10 min before removal to
prevent backfilling and then the hole was filled with bone wax.

SAH Grades and Neurologic Scores
The severity of the SAH was evaluated using the SAH grading
scale as previously described (Sugawara et al., 2008). In brief, the
basal cisterns were allocated into 6 segments and each segment
was scored from 0 to 3 based on the amount of bleeding as
follows: grade 3, blood clots covered all arteries; grade 2, mediocre
blood with visible arteries; grade 1, minimal subarachnoid blood;
and grade 0, no SAH. We determined the total score by summing
each segment score. We evaluated neurologic function 24 h after
SAH according to the modified Garcia score (Garcia et al., 1995).
Evaluation of autonomic exercise, exercise coordination, physical
activity, and somatic sensation was included. The score ranged
from 3 to 18. Six tests including response to vibrissa touch, limb
symmetry, body proprioception, climbing, spontaneous activity,
and forelimb outstretching were scored and total scores were
measured. An independent observer performed all evaluation.

Brain Water Content
The right and left hemispheres of the brains were removed after
the rats were euthanized. Each part of the brain was weighed
immediately upon removal (wet weight), then put in an oven at
105◦C to dry. The brain parts were re-weighed after 72 h (dry
weight). The brain water content was computed as follows: (wet
weight-dry weight)/wet weight× 100%.

Evans Blue Extravasation
Evans blue could combine with plasma albumin and permeate
into the brain tissues by the disruptive BBB. So the permeability
of the blood-brain barrier (BBB) was assessed according to Evans
blue extravasation. Evans blue extravasation was performed as
previously reported (Chen et al., 2014a). The left femoral vein
was injected with Evans Blue dye (2%, 5 mL/kg) under general
anesthesia 24 h after surgery. After circulating for 60 min, the
rats were euthanized, then perfused with 0.01 mol/L phosphate-
buffered saline (PBS). The brain was immediately removed and
separated into the same regions. We weighed and homogenized
the samples in 3 ml of 50% trichloroacetic acid, then centrifuged
the samples at 15000 × g for 30 min. The supernatant (1 ml)
was separated and mixed with an equal volume of the mixture
(1:3 trichloroacetic acid and ethanol). Then the samples were
centrifuged again for 30 min after a 12 h incubation at 4◦C. Then,
we assessed the supernatant through spectrophotometry (620 nm
for excitation and 680 nm for emission).

ROS Assay
The left basal cortical specimen in the face of the blood clot was
collected at 24 h after SAH. We used a ROS assay kit (Nanjing
Jiancheng Bio-engineering Institute, Nanjing, China) to detect
the ROS levels of the rats’ brains referring to the manufacturer
protocol. Briefly, rats were perfused with 0.01 mol/L PBS after
euthanasia. We subsequently obtained fresh tissues from the
brains. Then, the samples were weighed and homogenized in
PBS (1 g: 20 ml). The mixtures were centrifuged at 1000 × g
for 10 min at 4◦C and measured the protein content of the
supernatant with a DC protein assay kit (Bio-Rad, Hercules, CA,
United States). According to the protocol, the DCFH-DA (10 µl,
1 mol/L) and supernatant (190 µl) were mixed into 96-well plates
and the same volume of PBS was added to the supernatant as a
control. The samples were detected by spectrofluorophotometry
after incubation for 30 min 3◦C, 480 nm excitation wavelength
and 520 nm emission wavelength. The ROS levels are presented
as fluorescence intensity/gram protein (Li et al., 2016).

Immunofluorescence, TUNEL, and
Fluoro-Jade C (FJC) Staining
Rats were perfused transcardially with PBS (0.1 mol/L) followed
by 4% paraformaldehyde and euthanized 24 h after SAH.
The brains of each group (n = 6) were gained and dipped
in the 4% PFA for 24 h, and then dehydrated with sucrose
solution (30%). The brains were frozen in tissue-freezing
media to cut into coronary sections (7 µm). Conforming to
the immunofluorescence protocol, we washed the coronal
sections with 0.01 M PBS 3 times and then blocked with 10%
normal goat serum (with 0.1% Triton X-100 in 0.01 M PBS)
sealing solution. Subsequently the sections were incubated
overnight with relevant primary antibodies including anti-
p66shc (ab54518, Abcam), anti-NeuN (ab177487, Abcam).
After washed with PBS several times the sections were hatched
with related secondary antibodies including fluorescein
isothiocyanate-labeled goat anti-mouse antibody (Jackson
ImmunoResearch) and rhodamine-conjugated goat anti-rabbit

Frontiers in Neuroscience | www.frontiersin.org 3 March 2019 | Volume 13 | Article 26

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00026 March 4, 2019 Time: 10:59 # 4

Teng et al. CA in EBI

antibody (Jackson ImmunoResearch). The sections were stained
with DAPI after washing again, then mounted with glycerol.
We observed the sections using a fluorescent microscope
(Olympus, Tokyo, Japan) and merged the photomicrographs
by Image-Pro Plus 6.0 (Olympus, Melville, NY, United States).
Five random files per coverslip were imaged. We used FJC
staining to identify degenerating neurons according to the
manufacturer’s instructions for the FJC staining kit (Biosensis,
NY, United States). In addition, terminal deoxynucleotidyl
transferase-dUTP nick end labeling (TUNEL) staining was
also applied to determine apoptotic cell according to the
manufacturer’s protocol (Roche Inc., Basel, Switzerland). An
independent investigator counted FJC and TUNEL positive
neurons in the left piriform cortex.

SIRT1 Activity
SIRT1 activity in brain was determined with a SIRT1
Fluorometric Kit (Biomol International) according to the
manufacturer’s instructions and as described previously
(Escande et al., 2010). This assay uses a small lysine-acetylated
peptide, corresponding to K382 of human p53, as a substrate.
SIRT1 could deacetylate the lysine residue, and this process is
dependent on the addition of exogenous NAD+. Briefly, samples
were homogenized in NETN buffer and then incubated for
10 min at 37◦C. Next, 10 mM DTT was added to the medium
and the mixtures were incubated for 10 min at 37◦C again.
The mixtures (20–30 µg protein/well) were then incubated
in SIRT1 assay buffer to determine the SIRT1-independent or
SIRT1-dependent activity. After 1 h incubation, the reaction
was terminated by adding the solution containing Fluor de
Lys Developer (Enzo Life Sciences) and 2 mM nicotinamide.
And then the mixtures were incubated for 60 min at 37◦C. The
samples were detected with an excitation wavelength of 360 nm
and an emission wavelength of 460 nm (Spectramax Gemini
XPS; Molecular Devices). The SIRT1-dependent activity was
assessed after subtracting fluorescence values obtained in the
absence of NAD+.

Western Blot
We performed Western blot as previously described (Zhang
X.S. et al., 2016). Briefly, samples were obtained from cells
or the left basal cortical, then lyzed on ice or homogenized
and centrifuged (1000 × g) for 10 min at 4◦C. A DC protein
assay kit (Bio-Rad, Hercules, CA, United States) was used
to detect the protein content. Equal amounts (60 µg) of
proteins were added into polyacrylamide-SDS gels. The proteins
were transferred to nitrocellulose membranes after separated
by electrophorese. Membranes were incubated overnight at
4◦C with the following primary antibodies followed by sealing
with non-fat dry milk buffer: anti-p66shc (ab54518, Abcam),
anti-SIRT1 (ab110304, Abcam), anti-ß-actin (ab8226, Abcam),
anti-MnSOD (ab13533, Abcam), anti-Bax (ab32503, Abcam),
anti-Bcl-2 (ab32124, Abcam), and anti-caspase-3 (ab13585,
Abcam). Then, the membranes were incubated with the
corresponding secondary antibodies at room temperature for 1h.
The protein densities were detected via X-ray film and quantified
with ImageJ software (NIH).

Statistical Analysis
Data were expressed as mean ± SD or median with interquartile
range. The analyses were carried out using GraphPad Prism 7
(GraphPad Software Inc., San Diego, CA, United States) and
SPSS (version 24.0; SPSS, Inc., Chicago, IL, United States).
We used one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test to analyze differences among
the groups when the data met the normal distribution and
homogeneity of variance. For the non-normal distribution and
unequal variance parameters, differences among the groups were
analyzed using Kruskal–Wallis test. The Garcia score and SAH
grading score were analyzed using the Mann–Whitney U-test.
Statistical significance was defined as P < 0.05.

RESULTS

Expression of p66shc After SAH
The expression of p66shc in the sham group and in rats
euthanized at 1, 3, 6, 12, 24, 48, and 72 h after SAH was
detected by Western blot (Figure 1A). The result showed that
the expression of p66shc was reduced at 1 and 3 h after SAH,
but began to increase at 6 h and peaked at 24 h (P < 0.05,
Figures 1A,B). Immunofluorescence co-staining of p66shc with
NeuN (the marker of neurons) confirmed that p66shc was
localized in neurons (Figure 1C).

Mortality, SAH Grade, and Neurologic
Dysfunction
Representative brains from the sham, SAH, SAH + vehicle, and
SAH + CA groups are presented in Figure 2A. More blood
clots were found in the brain of the SAH group compared with
the Sham group, and treatment with CA significantly reduced
the blood clots. The neurological scores showed that significant
neurological impairments occurred in SAH and SAH + vehicle
groups when compared with the sham group. Administration of
CA significantly improved neurological impairments 24 h after
SAH (P < 0.05, Figure 2B). There was no significant difference
among the mortality rates of the different groups. There were no
significant differences in SAH grade between the SAH + vehicle
and SAH+ CA groups (P > 0.05, Figure 2C).

CA Ameliorated Brain Edema and
Disruption of BBB
We observed great changes of the brain water content at
24 h after SAH. The brain water content of the left and
right cerebral hemisphere increased in SAH and SAH
+ vehicle group in comparison with the sham group
(P < 0.05, Figure 2D). After CA treatment, the brain
water content in the left and right hemisphere was notably
reduced compared with SAH + vehicle group (P < 0.05,
Figure 2D). A remarkable extravasation of Evans blue dye
into the left and right hemispheres was found in SAH and
SAH + vehicle group in comparison with the sham group
(P < 0.05, Figure 2E). CA significantly decreased Evans
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FIGURE 1 | (A) Representative Western blot bands of p66shc at different time course in ipsilateral basal cortex after subarachnoid hemorrhage (SAH) induction.
(B) Quantitative analysis of p66shc expression. n = 6 for each group. The bars represent the mean ± SD. ∗P < 0.05 versus sham, #P < 0.05 versus every other
group. The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. (C) Representative microphotographs of
immunofluorescence staining showing localization of p66shc (green) with NeuN (red) in ipsilateral basal cortex of SAH 24 h group (scale bar = 50 µm). The rightmost
image was magnified by digital zoom.

blue dye extravasation in the left and right hemispheres
(P < 0.05, Figure 2E).

Administration of CA Activated the
SIRT1/p66shc Pathway and Inhibited
Apoptosis
Carnosic acid was administered intraperitoneally after the SAH
was induced. Western blot analysis showed that administration
of CA significantly upregulated the expression of SIRT1 and
downregulated the expression of p66shc compared to the SAH
and SAH+ vehicle groups (P < 0.05, Figures 3A–C). Consistent
with the result from western blot, the activity of SIRT1 was
significantly increased after SAH, and this increase was further
extended by administration of CA (P < 0.05, Figure 3D). To
determine the direct effect of CA on SIRT1 expression, PC12
cells were treated with CA. Western blot analysis showed that
treatment with CA significantly increased SIRT1 expression
(Figure 3E). The expression of MnSOD, a mitochondria-resident
enzyme that governs ROS, was significantly decreased after SAH
induction and upregulated after CA administration (P < 0.05,
Figures 3F,G). Apoptosis associated proteins, such as Bax, Bcl-
2, and cleaved caspase-3 were dramatically altered 24 h after SAH
compared with the sham group, and the changes were reversed by
CA administration (P < 0.05, Figures 3H–J). In addition, levels
of ROS were remarkably increased after SAH, whereas they were
markedly reduced in the SAH+CA group (P < 0.05, Figure 3K).

Few TUNEL-positive neurons were detected in the sham
group after SAH. The numbers of TUNEL-positive neurons in
the cortex in the SAH and SAH+ vehicle group were remarkably

higher compared with the sham group. In comparison with
the SAH and SAH + vehicle groups, CA treatment decreased
the apoptosis index (P < 0.05, Figures 4A,C). FJC-positive
cells representing degenerating neurons dramatically increased
after SAH and CA treatment reversed this change (P < 0.05,
Figures 4B,D). These results suggest that CA treatment inhibits
neuron apoptosis and SIRT1/p66shc cascade might account for
this inhibition.

Inhibition of SIRT1 Abolished the
Neuroprotective Effect of CA
To test whether SIRT1 upregulation plays a causal role in
CA-mediated neuroprotection, sirtinol, a selective inhibitor
of SIRT1, was applied. The results showed that inhibition
of SIRT1 by sirtinol significantly abolished the neurological
improvements induced by CA, as indicated by the neurological
scores (P < 0.05, Figure 5A). Additionally, the levels of ROS
rebounded after sirtinol administration (P < 0.05, Figure 5B).
In PC12 cells, treatment with sirtinol abolished the inhibitor
effect of CA on p66shc inhibition (P < 0.05, Figures 5C–E).
Moreover, Western blot showed that upregulation of SIRT1 and
downregulation of p66shc caused by CA were also reversed by
sirtinol (P < 0.05, Figures 5F–H).

Inhibition of SIRT1 Reversed the
Anti-apoptotic Effect of CA After SAH
As shown in the Western blot analysis 24 h after SAH,
administration of CA significantly increased MnSOD expression
and the tendency was notably reversed in the SAH + CA
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FIGURE 2 | Typical representation of brains from each group and SAH grade, neurological scores, brain water content, and Evans blue dye extravasation at 24 h
after SAH. (A) Representative brains from the sham, SAH, SAH + vehicle, SAH + CA group. (B) Quantitative analyses of neurological scores. The bars represent the
mean ± SD. n = 30. (C) Quantitative analyses of SAH severity. The bars represent the mean ± SD. n = 30. (D) Quantitative analyses of brain water content. The bars
represent the mean ± SD. n = 6. (E) Quantitative analyses of Evans blue dye extraversion. The bars represent the mean ± SD. n = 6. ∗#P < 0.05 vs. Sham,
∗P < 0.05 vs. SAH.
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FIGURE 3 | Carnosic acid attenuated apoptosis 24 h after subarachnoid hemorrhage (SAH) via activating SIRT1/p66shc signaling pathway. (A) Representative
Western blot bands of SIRT1, p66shc. (B,C) Quantitative analyses of SIRT1 (B), p66shc (C). (D) Activity of SIRT1 in the brain. (E) The effect of CA on SIRT1
expression. (F) Representative Western blot bands of MnSOD, Bax, Bcl-2, and cleaved caspase-3. (G–J) Quantitative analyses of, MnSOD (G), Bax (H), Bcl-2
(I), cleaved caspase-3 (J). The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. (K) Quantitation of ROS. The
histograms represent the median with interquartile range, n = 6. The statistical differences between two groups were analyzed by Kruskal–Wallis test. ∗#P < 0.05 vs.
Sham, ∗P < 0.05 vs. SAH.

+ sirtinol group (P < 0.05, Figure 5I). Upregulation of Bcl-
2 in the SAH + CA group was also dramatically suppressed
by sirtinol (P < 0.05, Figure 5J). Sirtinol also reversed the
CA-induced decrease of Bax and cleaved caspase-3 expression
(P < 0.05, Figures 5K,L).

Further, TUNEL and FJC staining were used to measure
apoptotic cells and degenerating neurons in the ipsilateral cortex.
Results showed that treatment of CA significantly decreased the
apoptosis index and FJC-positive cells. However, these alterations
were markedly reversed by sirtinol (P < 0.05, Figures 6A–D).

DISCUSSION

Mounting evidence implies that EBI within the first 72 h of
SAH plays a central role in SAH. The treatment of EBI could
be a potential therapeutic strategy for the management of
patients surviving a SAH. However, the underlying molecular
mechanisms has not been elucidated (Ostrowski et al., 2006). The
possible mechanisms involving EBI after SAH involve disruption
of the BBB, brain edema, oxidative stress, and neural apoptosis

(Sehba et al., 2012). CA, one of the major phenolic compounds
extracted from Rosmarinus officinalis, is a well-established anti-
adipogenic and antioxidant agent (Jordan et al., 2012; Park and
Mun, 2013). Recently, CA has been reported to have favorable
efficacy in managing some diseases. For example, CA protects
myocardial cells, renal cells, SH-SY5Y cells, and hepatocytes
against injury by inhibiting apoptosis (Sahu et al., 2011, 2014;
Chen J.H. et al., 2012). The mechanisms by which CA regulates
neural apoptosis in SAH is unknown. In a recent study, we
successfully established the vascular perforation model to mimic
clinical aneurysm subarachnoid hemorrhage (aSAH), which is
the most common cause of SAH. We observed that CA treatment
alleviated neuronal cell death and improved neurological
outcome, diminished levels of ROS, and dramatically alleviated
BBB disruption and brain edema dramatically. We therefore
suggest that the SIRT1/p66shc pathway might be involved in the
protective mechanism underlying CA treatment of SAH.

Emerging evidence indicates that under pathophysiologic
circumstances, acute and chronic overproduction of ROS are
vitally important in the development of cardio-cerebral vascular
diseases. ROS, which are highly reactive free radicals including
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FIGURE 4 | Carnosic acid reduced degenerating neurons and neuronal cells death in the ipsilateral cortex at 24 h after SAH. (A) Representative co-labeling
TUNEL/NeuN photomicrographs of the ipsilateral cortex in the different groups (scale bar = 100 µm). (B) Representative FJC photomicrographs in the different
groups (scale bar = 100 µm). (C) Quantification of TUNEL-positive neurons, expressed as percentage of total (NeuN+) cells. (D) Quantification of FJC-positive
degenerating neurons. The bars represent the mean ± SD. n = 6. ∗#P < 0.05 vs. Sham, ∗P < 0.05 vs. SAH.

a variety of small molecule radicals such as superoxide anion
(O2), hydroxyl radical (OH), and hydrogen peroxide (H2O2),
which are important components of cellular signaling pathways
physiologically (Venditti et al., 2013; Fan et al., 2017). ROS
are also the most important cause of oxidative stress. The
increased levels of ROS could incur brain injury by various
means, including apoptosis, BBB disruption, and inflammation
(Cahill et al., 2006; Olmez and Ozyurt, 2012; Sehba and Friedrich,
2015; Zhang L. et al., 2016). Thus, we measured the levels of
ROS in recent study. The cortical ROS levels surged 24 h after
SAH and were inhibited by CA. This result further verified the
antioxidative activity of CA. To further explore the potential
mechanism underlying antioxidative stress by CA, we focused

on SIRT1, an NAD-dependent deacetylase. Recently, it has been
demonstrated that activation of SIRT1 plays a critical protective
role in mediating tissue injury in multiple experimental models
and human diseases including cardiac, brain and kidney injuries
caused by ischemia/reperfusion (Hsu et al., 2010; Wang et al.,
2011; Lempiainen et al., 2012). Interestingly, SIRT1 is widely
expressed in the central nervous system and SIRT1 is activated by
plant polyphenols. Consistent with our hypothesis, the current
study determined that CA treatment facilitated the activation
of SIRT1 after SAH and the positive regulatory effect of CA
on SAH was restrained by sirtinol, a SIRT1 inhibitor. These
results indicate that CA might be a potential activator of SIRT1.
Nevertheless, it is notable that the expression of SIRT1 increased
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FIGURE 5 | SIRT1 inhibitor sirtinol abolished the beneficial effect of carnosic acid on apoptosis. (A) Quantitative analyses of neurological scores. The bars represent
the mean ± SD. n = 18. (B) Quantitative analyses of ROS. The histograms represent the median with interquartile range, n = 6. (C–E) Western blot assay and
quantitative analyses of SIRT1 (D), p66shc (E) in PC12 cells after treatment with CA alone or together with sirtinol. ∗P < 0.05 vs. Vehicle, #P < 0.05 vs. CA. (F–L)
Western blot assay (F) and quantitative analyses of SIRT1 (G), p66shc (H), MnSOD (I), Bcl-2 (J), Bax (K), cleaved caspase-3 (L) expressions in ipsilateral cortex.
The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. The bars represent the mean ± SD. n = 6. ∗P < 0.05 vs.
SAH, #P < 0.05 vs. SAH + CA.

slightly at 24 h after SAH. We speculate that self-protection
against injury stress might be responsible for this result, which
is supported by the results of a previous study (Li et al., 2018).

It has been shown that SIRT1 regulates energy metabolism,
oxidative stress, and apoptosis by targeting different genes in the
liver (Purushotham et al., 2009). P66shc has been reported to
be targeted by SIRT1 through deacetylation of histone H3 lysine
(Zhou et al., 2011). Moreover, it has been suggested that CA-
promoted activation of the SIRT1/p66shc pathway protects rats
against apoptosis in an ischemia/reperfusion (I/R) injury model
(Yan et al., 2014). P66shc, an intracellular mediator converts
oxidative signals into ROS and induces apoptosis during multiple
pathologic conditions, such as diabetes and glomerulopathies
(Menini et al., 2007; Zaccagnini et al., 2007). A P66shc
defective mutant is unable to maintain normal oxidative stress
in p66shc−/− cells and p66shc knockout strengthen cellular
resistance to apoptosis induced by H2O2 and ultraviolet light
(Menini et al., 2007). Furthermore, p66shc has been suggested

to downregulate the expression of antioxidant enzymes and
regulatory factors, such as glutathione peroxidase-1, MnSOD (the
primary superoxide scavenger) and REF-1 (Miyazawa and Tsuji,
2014). Interestingly, it has been shown that the expression of
p66shc is decreased and oxidative stress is reduced markedly in
the SIRT1 transgenic diabetic mice (Chen H. et al., 2012). In
agreement with these observations, we found that CA treatment
reversed the upregulation of p66shc caused by SAH and sirtinol
induced an increase in p66shc. Interestingly, CA increased
the levels of MnSOD after SAH and sirtinol abolished these
changes. Together, these results imply that SIRT1 suppressed
p66shc expression and oxidative stress during SAH and that
activation of the SIRT1/p66shc pathway might be involved in the
neuroprotective effect of CA in SAH.

Current views hold that the formation of a multi-
subunit protein complex, which eventually forms a pore
in the mitochondrial membrane is promoted by various
signals in the course of mitochondrial-dependent apoptosis.
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FIGURE 6 | SIRT1 inhibitor sirtinol abolished carnosic acid-reduced degenerating neurons and neuronal cells death in the ipsilateral cortex at 24 h after SAH.
(A) Representative co-labeling TUNEL/NeuN photomicrographs of the ipsilateral cortex in the different groups (scale bar = 100 µm). (B) Representative FJC
photomicrographs in the different groups (scale bar = 100 µm). (C) Quantification of TUNEL-positive neurons, expressed as percentage of total (NeuN+) cells.
(D) Quantification of FJC-positive degenerating neurons. The bars represent the mean ± SD. n = 6. ∗P < 0.05 vs. SAH, #P < 0.05 vs. SAH + CA.

The permeabilization of mitochondrial membranes results in
proapoptotic proteins activation. It has been demonstrated
that p66shc is necessary for permeabilization of mitochondrial
membranes (Galimov, 2010). The protective effects of SIRT1
against cardiac I/R can be explained by SIRT1 overexpression
inducing up-regulation of MnSOD and Bcl-2 and down-
regulation of Bax (Hsu et al., 2010). Similarly, suppression of
p66shc protected against intestinal I/R induced by lung injury
via the regulation of MnSOD, Bcl-2 and caspase-3 (Wang et al.,
2012). In our study, FJC and TUNEL staining revealed that
the neuronal degeneration and apoptosis secondary to SAH
were suppressed by CA. Additionally, we also determined that

the expression of Bax and cleaved caspase-3 were increased
markedly after SAH, while CA treatment reserved the changes.
The expression of Bcl-2 were presented on the contrary, namely,
CA administration increased the expression of Bcl-2. Moreover,
Sirtinol diminished the anti-apoptotic effect of CA on EBI. Based
on these observations, we deduced that the activation of p66shc
is strongly linked to apoptosis secondary to SAH and it is likely
that CA protects neuron against apoptosis via suppression of the
SIRT1/p66shc signaling pathway.

Several restrictions exist in the present study. First, we
discussed the neuroprotection of CA in the early stage of SAH,
the long-term effect in SAH needs to be further investigated.
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Second, several studies have revealed the effect of CA
regulating inflammation. In our study, we focused on
the anti-apoptosis effect of CA on SAH, however, we
cannot completely absolutely exclude the possibility that
neuroinflammation is involved in the neuroprotection of CA
in EBI after SAH. Therefore, further studies are needed to
explore the role of CA in neuroinflammation after SAH. In
addition, ROS-induced oxidative stress after SAH warrants
further experiments.

In conclusion, this study extended our understanding of
the neuroprotective effects of CA on EBI after SAH. We
demonstrated that CA-induced SIRT1 upregulation plays a

protective role in EBI secondary to SAH. The potential
mechanisms may involve the suppression of neuronal apoptosis
through the SIRT1/p66shc pathway. Indeed, CA might be a novel
and potential therapeutic strategy for SAH management.
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