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Background: Emerging evidence shows that Sirtuin 3 (SIRT3) can exert an antioxidative effect in various neurodegenera-
tive diseases, but whether and how SIRT3 modulates neuronal death after subarachnoid hemorrhage (SAH)
remains to be elucidated.

Materia/Methods: Experimental SAH was induced in adult mice by prechiasmatic cistern injection and primary neurons by OxyHb
incubation. The peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1ar) and SIRT3 pro-
tein levels were examined at different time points after SAH induction. The PGC-1a protein gene knockdown in
vivo and in vitro was achieved by transfection of lentivirus (LV) vectors expressing shPGC-1a or negative con-
trol (NC). Western blot, oxidative stress index, histopathology, neurological function, and cell viability analysis
was performed.

Results: Results showed that the PGC-1a/SIRT3 pathway was remarkably activated in vivo and in vitro after SAH.
LV-shPGC-1a. treatment significantly inhibited the activation of this pathway after SAH, accompanied by dete-
riorated neurologic function, aggravated oxidative stress, increased neuronal apoptosis, and enhanced cyto-
toxicity compared with the mice or primary neurons treated with LV-NC only.

Conclusions: The present results highlight the detrimental PGC-10/SIRT3 pathway, involving regulation of the endogenous
antioxidant activity against neuronal damage, which may provide a potential therapeutic target in SAH.
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Material and methods

Although most studies considered early brain injury (EBI) as
the principal cause of poor prognosis of subarachnoid hemor-
rhage (SAH) patients, the exact molecular mechanisms of EBI
have not yet been fully elucidated. Notably, most therapeu-
tics research has shown that oxidative stress greatly promote
the progression of EBI, and antioxidant therapy could be an
effective way to ameliorate neuronal damage after SAH [1,2].

It has been well established that neurons are vulnerable to
oxidative stress due to high levels of reactive oxygen species
(ROS) after SAH insult [3]. Thus, endogenous antioxidants are
particularly important in the treatment of neuronal oxidative
stress resulting from the damage of SAH. Previous studies have
shown that Sirtuin 3 (SIRT3) can effectively modulate mito-
chondrial ROS levels in neurons by activating superoxide dis-
mutase (SOD) after ischemic stroke [4]. SIRT3, a type of NAD-
dependent deacetylase, primarily resides in the mitochondria
of neurons. It has been identified as a responsive deacetylase,
controlling metabolism and oxidative stress. In several neuro-
logical disorders, SIRT3 is considered to be a neuroprotective
effect in enhancing cellular defense and promoting cell sur-
vival; however, the exact molecular mechanism is still incom-
pletely understood [5,6].

Peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1a), a transcriptional coactivator, can regu-
late mitochondrial function, oxygen consumption, and oxida-
tive phosphorylation in the brain [7]. Importantly, it has been
demonstrated that upregulation of PGC-1a. level significantly
protects neural cells against oxidative stress, while loss of its
activity caused an enhanced level of mitochondrial-derived
ROS [8]. Meanwhile, in-depth studies have shown that in isch-
emic neurons, PGC-1a level is obviously increased by oxida-
tive stress damage, which further upregulates mitochondrial
ROS-detoxifying genes [9,10].

Notably, a recent study has found that PGC-1a can interact
with SIRT3, protecting against DAergic neuronal death in the
pathogenesis of Parkinson’s disease (PD) [11]. However, little
is known about the function of the PGC-10/SIRT3 pathway,
which is involved in regulation of oxidative stress and neuro-
nal death in the pathogenesis of SAH. In this study, we effec-
tively measured the dynamic changes of PGC-1a and SIRT3 ex-
pression induced by SAH insult, and further investigated the
potential neuroprotective effects of PGC-10/SIRT3 pathway
against oxidative stress resulting from SAH damage.

Animal preparation

All experimental procedures were authorized by Anhui Medical
University Animal Care and Use Committee and fully complied
with the guidelines of the Care and Use of Laboratory Animals
of the National Institute of Health. The C57BL/6 mice (male,
8-10 weeks old) needed for the experiment were provided by
the Animal Center of Anhui Medical University (Hefei, China).

SAH model in vivo

SAH was effectively performed by prechiasmatic injection of
autologous blood [12]. Following deep anesthesia, the mouse
head was appropriately set up in a stereotactic apparatus.
The skin was sterilely opened along the sagittal suture, and
then a cranial hole was drilled 4.5 mm in front of the bregma.
The heart of a blood-donor mouse was sterilely exposed after
deep anesthesia, and the arterial blood was collected from the
left ventricle with a 27-gauge needle. Immediately, 60 pl non-
heparinized arterial blood was slowly injected into the prechi-
asmatic cistern through a drilled cranial hole of another mouse
modelling SAH. To avoid backflow, the needle was left in the
prechiasmatic cistern for 5 min. The animals in the Sham group
were injected with 60 pl of physiologic saline following the
same procedure. After the models were established, brain tis-
sues were collected at different timepoints according to the ex-
perimental design. In this study, we used temporal cortex for
all detection, which was always adjacent to the clotted blood
after the SAH model was induced.

Primary culture of cortical neurons and SAH model in vitro

Primary cortical neurons were cultured following a modified
method [13]. Briefly, cerebral cortices from C57BL/6 mice were
removed from embryos at 16-18 days. Following the protocol
step by step, we stripped the leptomeninges and white mat-
ter, and then adequately digested the cerebral cortices with
trypsin. After filtering and centrifuging, the rest of the cell pel-
lets were resuspended with DMEM containing serum and dual
antibiotics. The cells were plated on culture dish at a density
of 3x10° cells/cm?. After 2-h incubation, the DMEM was dis-
placed by neurobasal medium containing GlutaMax-I, B27 sup-
plement, and dual antibiotics. Neurons were placed in a hu-
midified CO, (5%) incubator at 37°C, and the culture medium
was replaced every other day. Primary neurons are cultured
until day 8, and then used in vitro. To mimic the experimen-
tal SAH model in vitro, primary neurons were replaced in the
culture medium containing OxyHb (20 mM, MilliporeSigma,
Burlington, MA, USA) [14].
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Lentivirus delivery in vivo and in vitro

The PGC-1a gene knockdown in vivo and in vitro was achieved
by transfection of lentivirus (LV) vectors expressing shPGC-1ca
(Hanbio, Shanghai, China). In brief, mice were deeply anesthe-
tized and placed in a stereotaxic frame. The shPGC-1o. or neg-
ative control (NC) at 1x10° Tu/ml was stereotaxically inject-
ed into the left ventricle (bregma: -0.4 mm, lateral: 1.2 mm,
depth: 2.5 mm; 3 ul; 0.5 ul/min) by a 10-ul Hamilton syringe,
as described previously [15]. After the lentivirus was transfect-
ed in the brain, the distribution of transduction in the brain
was confirmed (Supplementary Figure 1). Mice were returned
to their home cages for 3 days before receiving experimen-
tal SAH injury.

Neurons were effectively transfected with LV at a multiplicity
of infection (MOI) of 30 following the results of our prelimi-
nary experiments. Following the operating instructions, the cul-
tured neurons were transfected with LV-shPGC-1o or LV-NC at
1x10° Tu/ml. After 72-h transfection, the neurons were success-
fully transfected and used for the following experiments [13].
The sequences of shRNA were:

PGC-1a, 5-UUUCUGGGUGGAUUGAAGUGGUGUA-3’ and

NG, 5’-UUUGGUGGGUAGUAAUGGGUUCGUA-3’ [16].

Study design

In experiment 1, 60 mice were randomly assigned to the Sham
group (n=12) or 4 SAH groups (6 h, 12 h, 1 day, and 3 days,
n=12/group). The mice in the SAH groups were used in the
SAH model and were killed at 6 h, 12 h, 1 day, and 3 days af-
ter blood injection. Postmortem assessments included Western
blot and histopathology study.

In experiment 2, the primary neurons were randomly arranged
as: Control group and SAH group (6 h, 12 h, and 1 day). The pri-
mary neurons were collected at 6 h, 12 h, and 1 day after OxyHb
incubation. Postmortem assessments included Western blot
and histopathology study.

In experiment 3, 72 mice were randomly assigned to the Sham
group, SAH group, SAH+LV-NC group, and SAH+LV-shPGC-1a
group (n=18/group). All the mice were euthanized 1 day af-
ter SAH model establishment, and the temporal cortex tissues
were immediately collected for further detection. Postmortem
assessments included Western blot, biochemical assessment,
histopathology detection, and behavioral analysis. Western
blot analysis, biochemical assessment, histopathology detec-
tion, and behavioral analysis were performed before the mice
were euthanized.

In experiment 4, the primary neurons were randomly as-
signed: Control group, SAH group, SAH+ LV-NC group, and
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SAH+LV-shPGC-1a group. The primary neurons were incubat-
ed OxyHb for 12 h before they were collected. Postmortem as-
sessments included Western blot, histopathology detection,
biochemical estimation, and cell viability analysis.

Western blot analysis

The samples from primary neurons in vitro and cerebral cor-
tices in vivo were lysed with RIPA buffer (Beyotime, Jiangsu,
China). After protein concentrations were measured, the same
amount of protein from every sample was separated and
transferred. After blocking with defatted milk, the mem-
branes were hatched with primary antibodies overnight at 4°C
against PGC-1a (1: 2000, ab54481; Abcam, Cambridge, MA,
USA), SIRT3 (1: 1000, ab86671; Abcam), and B-actin (1: 5000,
AP0060; Bioworld Technology, Minneapolis, MN, USA). After
washing with PBS containing Tween-20 (PBST), the mem-
branes were incubated with appropriate secondary antibodies
at room temperature. After incubation of the chemilumines-
cence solution, the protein bands were visualized. Band den-
sity was quantified using Image) software (National Institutes
of Health, Bethesda, MD, USA).

Immunofluorescence and TUNEL staining

In brief, brain sections or primary neurons were incubated
with Triton X-100, FBS, and primary antibodies against PGC-1a.
(1: 200, ab54481; Abcam), SIRT3 (1: 200, ab86671; Abcam),
microtubule-associated protein 2 (MAP2, 1: 300, 8707T; Cell
Signaling Technology), and NeuN (1: 300, MAB377; EMD
Millipore, USA). After washing with PBST, coverslips and sec-
tions were incubated with corresponding secondary antibod-
ies. After PBST washing again, coverslips and sections were
counterstained by DAPI (1: 2000; MilliporeSigma). Negative
controls were not incubated the primary antibodies.

Using the operating instructions, the terminal-deoxynucleotidyl
transferase -mediated dUTP nick-end labeling (TUNEL) reagent
kit (Roche, Inc., Indianapolis, USA) was used for apoptosis assay.
In brief, the brain sections or primary neurons were incubated
with anti-NeuN (1: 300) at 4°C overnight. After washing with PBS,
the TUNEL reaction mixture was added to the brain sections and
coverslips. After washing again, they were stained with DAPI.

Immunofluorescence and TUNEL staining were examined with
a ZEISS (Scope Al; Oberkochen, Germany) microscope sys-
tem. In vivo, 3 slides (at least 300 um apart) of each mouse
were detected. The investigator, who was blinded to the ex-
perimental design, identified, counted, and analyzed the posi-
tive cells of IF and TUNEL staining. On each slide, 6 fields were
randomly selected. The analytical approach was calculated as
the percentages of total neurons that was TUNEL positive in
each slide and each group. Based on the mean percentage of
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Table 1. Primer sequences for real-time PCR detection.

Gene Forward primer (5’-3°)
PGC-1a GACCACAAACGATGACCCTCC
SRT3 GCCTGCAAGGTTCCTACTCC
pactin ACTGACTACCTCATGAAGAT
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Reverse primer (5°-3’)

GCCTCCAAATCTCTCAGG

CGTCATACTCCTGCTTGCTGAT

positive cells on each slide, the final average value of each
group was determined. Image J software was used to analyze
and quantify the difference in fluorescence staining intensity.

Real-time PCR detection

Briefly, the temporal cortex of each mouse was lysed with
TRIzol reagent (Invitrogen). Then, the isolated RNA was reverse
transcribed into cDNA with a Reverse Transcriptase Reagent
kit (Invitrogen). Real-time PCR detection was performed with
the Real-Time PCR System (Roche). Table 1 shows the primer
sequences used [4,16].

Biochemical detection

Following to the operating instructions of commercial kits
(Beyotime, China), the levels of malondialdehyde (MDA) and
superoxide dismutase (SOD) in the fresh brain samples of
mice were assessed.

Primary neurons were cultured in 6-well plates for 8 days, then
the supernatant medium in each group was collected. The MDA
level and SOD activity were assessed using commercial kits fol-
lowing the manufacturer’s instructions (Jiancheng, China) [17].

A Sham 6h  12h  1d  3d

0.5

PGC-1a protein level in vivo (/-actin)

0.0-
Sham 6h 12h 1d 3d

2.0

0.5 1

PGC-1a protein level in vivo (/B-actin)

0.0-
Sham 6h 12h 1d 3d

SIRT3 protein level in vivo (/B-actin)

Sham 6h 12h 1d 3d

257 «

2.0

0.5

SIRT3 protein level in vivo (/B-actin)

0.0-
Sham 6h 12h 1d 3d

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€923688-4




Zhang K. et al.:
Inhibition of the PGC-1a/SIRT3 pathway aggravates oxidative stress...
© Med Sci Monit, 2020; 26: €923688

ANIMAL STUDY

PGC-1a

Sham

SAH

PGC-1a

Sham

SAH

DAPI Merge

DAPI Merge

Figure 1. The expression of PGC-1a/SIRT3 pathway in the cortex of mice following SAH. (A-C) the protein levels of PGC-1o and
SIRT3 in different groups. (D, E) the mRNA levels of PGC-1a and SIRT3 in different groups. (F) Colocalization of PGC-1o and
NeuN was revealed in different groups. (G) Colocalization of SIRT3 and NeuN was revealed in different groups. (* P<0.05;
n=12/group; SAH group: 24 h after SAH model induced in vivo; Scale bar=25 pm).

LDH assay

According to the manufacturer’s protocol, we used lactate de-
hydrogenase (LDH) assay (Beyotime, China) to evaluate the
viability of primary neurons. Briefly, culture medium in each
group was incubated with the reaction mixture. After incu-
bation, the supernatants were collected and measured by a
spectrophotometer.

Behavioral analysis

Neurologic scoring was performed 1 h before the mice were
euthanized in experiment 3. Neurologic functions were ex-
amined in accordance with a 18-point scoring system report-
ed previously [18]. Supplementary Table 1 shows the 18-point
neurologic scoring system used.

Morris water maze for assessment of spatial learning

A circular water tank with a diameter of 1.2 m and a height
of 50 cm was filled with nontransparent water [12]. The tank
was divided into 4 quadrants, and each quadrant was pasted
with different shapes of cardboard. A round platform with a

diameter of 12 cm, placed in a special quadrant, was set 1 cm
below the water surface. The spatial memory acquisition of
each mouse continued for 7 days (3 trials/mouse/day) before
the SAH model was induced. Each mouse was started from
3 different quadrants, excluding the quadrant with the plat-
form. The test time for each mouse was 1 min, and the inter-
val between each test was 5 min. The quadrants of 2 adja-
cent tests must be inconsistent. If the mouse failed to find the
platform within 1 min, we guided the mouse to find the plat-
form and allowed it to rest on the platform for 15 s. After 7
days of continuous trials, SAH model and LV administrations
were performed. Following SAH model induction, spatial mem-
ory testing (1 trial/mouse/day) continued for 7 days. On the
4t day of the test, the platform was moved to the contralat-
eral quadrant, which was used to assess the spatial learning
ability of mice. The time required to successfully find the plat-
form was recorded and analyzed as an index to evaluate the
spatial learning ability of each mouse. The investigator was
blinded to the study design.
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Statistical analysis

Data were recorded as mean+SEM. The statistical differences
among multiple groups were analyzed by one-way analysis of
variance (ANOVA) and the Bonferroni post hoc test. The dif-
ference was statistically significant at P<0.05.

Results

General observations

The overall mortality rate in experiment 1 and experiment 2
was 16.5% (26/158), and no mice died in the Sham group.
The total mortality rate in experiment 1 was 16.7% (12/72).
The total mortality rate in experiment 2 was 16.3% (14/86).

Zhang K. et al.:
Inhibition of the PGC-1a/SIRT3 pathway aggravates oxidative stress...
© Med Sci Monit, 2020; 26: €923688

Expression of endogenous PGC-10./SIRT3 pathway after
SAH

We used Western blot analysis to assess PGC-1ct and SIRT3 pro-
tein expressions in vivo and in vitro. In experiment 1, the pro-
tein levels of PGC-1a and SIRT3 were remarkably increased at
24 h after SAH in comparison with levels in the Sham group
(* P<0.05; Figure 1A-1C). Similarly, we also found that com-
pared with levels in the Sham group, the mRNA levels of
PGC-1a and SIRT3 were obviously increased and peaked at
24 h after SAH (** P<0.01, * P<0.05; Figure 1D, 1E). It had been
reported that PGC-1a is mainly localized in the neuronal nu-
cleus, while SIRT3 is localized in the neuronal cytoplasm of the
mouse brain. Similarly, in the Sham group, we found that low
PGC-1la-positive and SIRT3-positive staining overlapped with
NeuN-positive neurons in the cortex (Figure 1F, 1G). However,
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MAP2

Figure 2. The expression of PGC-1a/SIRT3 pathway in primary neurons after SAH. (A-C) the protein levels of PGC-1o and SIRT3 in
different groups. (D, E) the mRNA levels of PGC-1a. and SIRT3 in different groups. (F, G) the fluorescence intensity of PGC-1a
and SIRT3 in different groups. (H) Colocalization of PGC-1ae and MAP2 was revealed in different groups. (I) Colocalization of
SIRT3 and MAP2 was revealed in different groups. (** P<0.01, * P<0.05; SAH group: 12 h after SAH model induced in vitro;

Scale bar=50 pm).

strong immunoreactivity of nuclear PGC-1a and cytoplasmic
SIRT3 were both found in the SAH group, consistent with the
enhanced levels of PGC-1a and SIRT3 found by Western blot
analysis (Figure 1F, 1G).

In experiment 2, we found that the PGC-1a and SIRT3 protein
levels in primary neurons clearly increased and peaked at 12 h
following SAH in comparison with the levels in the Control group
(** P<0.01, * P<0.05; Figure 2A-2C). Similarly, we also found
that compared with the levels in Control group, the mRNA lev-
els of PGC-1a, and SIRT3 were obviously increased and peaked
at 12 h after SAH (* P<0.05; Figure 2D, 2E). In primary neu-
rons, there was low PGC-1a-positive and SIRT1-positive stain-
ing in the Control group. However, the fluorescence intensity
of PGC-1a. and SIRT3 were both highly expressed in prima-
ry neurons of the SAH group in comparison with the intensi-
ties in the Control group (** P<0.01, * P<0.05; Figure 2F-2l).

The PGC-10./SIRT3 pathway is involved in neuronal injury
in vivo after SAH

Next, we examined PGC-1a. and SIRT3 expressions in response
to LV treatment both in vivo and in vitro. In experiment 3, in
the cortex of mice, PGC-1a. protein and mRNA levels were sig-
nificantly decreased after LV-shPGC-1a treatment in compari-
son with the level in the SAH+LV-NC group (** P<0.01, * P<0.05;
Figure 3A, 3C, 3D). Similarly, in the cortex, SIRT3 protein and
mRNA levels were remarkably decreased after LV-shPGC-1a
treatment in comparison with the level in the SAH+LV-NC
group (* P<0.05; Figure 3A, 3B, 3E).

Notably, LV-shPGC-1a. treatment significantly inhibited activa-
tion of the PGC-10/SIRT3 pathway in vivo following SAH injury,
accompanied by worse neurologic score, oxidative stress ag-
gravation, and increased neuronal apoptosis compared with
the mice treated with LV-NC only (**** P<0.001, ** P<0.01,
* P<0.05; Figure 4A-4E). The Morris water maze test was per-
formed to evaluate the spatial learning of mice in different
groups. On the 1t to 2" day after bleeding, the time for mice
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Figure 3. Changes of the PGC-1at/SIRT3 pathway after LV-shRNA treatment. (A-E) The changes of PGC-1a/SIRT3 pathway after
LV-shPGC-1a treatment in vivo. (F-J) The changes of PGC-10/SIRT3 pathway after LV-shPGC-1a. treatment in vitro.

(** P<0.01, * P<0.05; n=6/group).
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Figure 4. The inhibition effects of the PGC-10/SIRT3 pathway on brain injury after SAH. (A, B) The changes of MDA and SOD in
different groups after LV-shPGC-1a administration in vivo. (C, D) The number of apoptotic neurons of cortex in different
groups at 24 h post-SAH. (E) The neurologic scores of mice in different groups at 24 h post-SAH. (F) The spatial learning
ability of mice in different groups after SAH: spatial reversal was performed on day 4 after SAH. (**** P<0.001, ** P<0.01,
* P<0.05; n=6/group; Scale bar=25 pm).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]

This work is licensed under Creative Common Attribution- . . .
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) e923688-9 [IS! Journals Master List] ~[Index Medicus/MEDLINE] - [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]




Zhang K. et al.:

AN I MAL STU DY Inhibition of the PGC-1a/SIRT3 pathway aggravates oxidative stress...

© Med Sci Monit, 2020; 26: €923688

A 207 B 20 7 N
*¥
= 15 * s o
E z
g S
S0 L £ 101
2 5
= 051 51
0.0 T 0 T
Control SAH SAH+ SAH+ Control SAH SAH+ SAH+
LV-NC LV-shPGC-1a LV-NC LV-shPGC-1a
C TUNEL DAPI Merge
=
S
3
-
=
=
+
=
3
=
3
<
+
x
3
L 60 * E 200
g 150 -
2 40 1
g =
= = 1001
2 =
= 20+
=] 50 1
0 T 0 T
Control SAH SAH+ SAH+ Control SAH SAH+ SAH+
LV-NC LV-shPGC-1a LV-NC LV-shPGC-1a

Figure 5. The inhibition effects of the PGC-10/SIRT3 pathway on neuronal damage after SAH in vitro. (A, B) The changes of MDA and
SOD in different groups after LV-shPGC-1c administration in primary neurons. (C, D) The number of apoptotic neurons in
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** P<0.01, * P<0.05; Scale bar=25 pm).
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in the SAH+LV-shPGC-1a group to find the platform was signif-
icantly longer than that in the SAH+LV-NC group. This indicated
that spatial learning abilities of mice were significantly weak-
ened after inhibition of the PGC-10/SIRT3 pathway (* P<0.05;
Figure 4F). There was no significant difference in the time need-
ed to find the platform in the SAH+LV-shPGC-1a group com-
pared with the SAH+LV-NC group on the 3" day after bleeding.
Nonetheless, when the platform was moved to the contralateral
quadrant on the 4™ day after bleeding, the spatial learning abil-
ity of mice in the SAH+LV-shPGC-1a group was significantly
lower than that in the SAH+LV-NC group (* P<0.05; Figure 4F).
This indicated that when the platform position changed, the
spatial learning abilities of mice were significantly reduced af-
ter inhibition of the PGC-1a/SIRT3 pathway.

The PGC-10/SIRT3 pathway is involved in neuronal injury
in vitro after SAH

In experiment 4, after the LV-shPGC-1a treatment in vitro,
the PGC-1a protein and mRNA levels were obviously de-
creased in comparison with the SAH 12 h group (* P<0.05;
Figure 3F, 3H, 3I). Accompanied by the change of PGC-1a. in
vitro, the level of SIRT3 and mRNA levels were also significantly
lower after LV-shPGC-1a treatment in comparison with that in
the SAH+LV-NC group (* P<0.05; Figure 3F, 3G, 3J).

Significantly, LV-shPGC-1a treatment obviously inhibited the
activation of PGC-1a/SIRT3 pathway in vitro after SAH insult,
accompanied by deteriorated cytotoxicity, oxidative stress ag-
gravation, and increased neuronal apoptosis compared with
the primary neurons treated with LV-NC only (*** P<0.001,
** P<0.01, * P<0.05; Figure 5A-5E). Nevertheless, no signifi-
cant difference was detected between the SAH+LV-NC group
and the SAH group (P>0.05; Figure 5A-5E).

Discussion

In this study, we identified the main presence of PGC-1a and
SIRT3 in neurons after experimental SAH both in vivo and in
vitro, and demonstrated that PGC-1a is responsible for the
modulation of SIRT3 and is implicated in alleviating the oxi-
dative stress after SAH (Figure 6). Therefore, inhibition of the
PGC-10/SIRT3 pathway aggravated the damage from oxida-
tive stress after experimental SAH, which suggests a potential
therapeutic strategy and target for SAH therapy.

The expression of PGC-10./SIRT3 pathway after
experimental SAH

After SAH, intrinsic antioxidant activities can be exhausted
by excessive free radicals, resulting in lipid peroxidation, pro-
tein breakdown, and DNA damage [3]. As an endogenous
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Figure 6. A schematic of the proposed mechanism for PGC-1o/
SIRT3 pathway activation on oxidative stress after SAH:
PGC-1a, acting as a coactivator of transcriptional factor
(TF) in nuclear of neurons, induces the expressions of
SIRT3 and a series of antioxidant enzymes, such as
SOD1 and SOD2.

antioxidant, SIRT3 is mainly localized in the cytoplasm of neu-
rons at a high level, and regulates almost every major aspect
of mitochondrial function. It has been found that H,0, admin-
istration increases SIRT3 expression at mRNA and protein lev-
els of cortical neurons [19]. In addition, elevated level of SIRT3
significantly promotes neuron survival from oxidative stress-
mediated stress, while loss of its activity generates an aggra-
vated level of mitochondrial-derived ROS. The antioxidative
effects of SIRT3 have been demonstrated in a variety of neuro-
logical diseases, such as ischemic stroke, Huntington disease,
and Alzheimer’s disease [19]. Substantial evidence indicates
that PGC-1a is involved in the regulation of intrinsic antiox-
idant activity against ROS. Elevated levels of PGC-1a can be
obviously induced in response to oxidative stress in ischemic
neurons, which further triggers the increased expression of
ROS-detoxifying genes [20].

Consistently, we found that PGC-1a and SIRT3 expression in
neurons was obviously increased in vivo and in vitro after SAH.
It has been well demonstrated that neurons are particularly
vulnerable to insult from oxidative stress after SAH. Hence, we
speculated here that the increased PGC-1a and SIRT3 expres-
sion may be induced after SAH by stimulation from ROS pro-
duction, but this requires further experimental verification. We
also speculated that the predominantly nuclear localization of
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PGC-1a gives promotes the transcription of ROS-detoxifying
genes, thereby contributing to neuroprotection after SAH.

To date, because of conflicting data in the literature, the exact
mechanisms by which SIRT3 processes and transports into the
cytoplasm remains ambiguous [4]. For instance, it has been re-
ported that SIRT3 exists mainly in the nucleus before translo-
cation into the cytoplasm, while others found that SIRT3 pri-
marily exists in the cytoplasm, not in the nucleus. Similarly,
wherever SIRT3 may be processed, our data showed that SAH
not only led to the increased expression, but also triggered the
translocation of SIRT3 into cytoplasm of neurons both in vivo
and in vitro. Therefore, we speculate that the predominantly
cytoplasmic localization of SIRT3 allows it to better counter
further pathological ROS formation, which will significantly
ameliorate SAH-induced injury.

Additionally, it had been reported that there is a reduced level
of SIRT3 following SAH [21,22]. In comparison with our study,
others used different experimental methods, such as the SAH
model and the location of the cortex being detected. Firstly,
both of these 2 studies used the puncture model. However,
the volumes of hemorrhage in puncture models vary greatly
among individuals, which might lead to the need for large
sample sizes. In order to make the volume of hemorrhage in
each mouse relatively consistent, we used the blood injection
model in our study. Therefore, use of different models might
show different trends of SIRT3 after SAH. Secondly, the sam-
ples from different locations influence the detection results.
While Yang et al. reported a reduced level of SIRT3 after SAH
in human glioma cell lines U87 and U251 [22], Huang et al.
did not specify the location for detection [21]. In our study, we
explored the role of the PGC-1a//SIRT3 pathway in the tempo-
ral cortex, which directly contacted the initial blood, leading
to aggravated cytotoxic injury and ischemic injury after SAH.
Hence, we suggest that different experimental designs may
produce different experimental results, which needs further
study in the future.

Possible neuroprotection by PGC-10 via modulating the
SIRT3 pathway in the pathogenesis of oxidative stress
after SAH

It has been well demonstrated that ROS accumulation caused
by mitochondrial dysfunction is one of the leading causes of
neuronal damage after SAH [3]. Thus, endogenous antioxidant
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activity is an important protective mechanism for neurons af-
ter SAH, which is always considered as a potential target for
SAH treatment. Significantly, SIRT3 has been demonstrated to
enhance the antioxidant activity of SOD2 in nervous system
injury [5]. Here, we similarly found increased levels of SIRT3
after SAH, which might also exert an antioxidative effect af-
ter SAH. However, how SIRT3 is mediated in oxidative stress
after SAH remains to be further elucidated.

It has been reported that PGC-1a regulates the expression of
SIRT3 in mitochondria, resulting in activated SOD2 to allevi-
ate ROS [23]. Meanwhile, another study found that increased
PGC-1a could interact with estrogen-related receptor alpha
(ERRv), which regulated SIRT3 expression by combining with
SIRT3 promoter and neuronal death in vitro [11,24]. In this
study, we similarly found an increased level of SIRT3 at 24 h
after stimulation from the initial bleeding of SAH. Subsequently,
LV-shPGC-1a administration decreased endogenous levels of
PGC-1a and SIRT3, worsening of neurological function and ag-
gravating levels of oxidative stress, as well as increasing num-
bers of apoptotic neurons following SAH. This significantly il-
lustrates that PGC-1a regulates the antioxidant activity of
SIRT3 after hemorrhage, thereby increasing the endogenous
antioxidant effect after SAH. Therefore, therapies targeting the
PGC-10/SIRT3 pathway may help restore the expression of anti-
oxidant enzymes and alleviating oxidative damage after SAH.

Conclusions and Future Perspectives

We found that activation of the PGC-1a//SIRT3 pathway plays
a neuroprotective role in preventing oxidative stress after SAH.
Small-molecule compound (ZLNOO5), pharmacologically upreg-
ulating the level of PGC-1a, may exert a neuroprotective effect
in nervous system diseases [20]. Further studies are required
to determine the therapeutic effects of pharmacological acti-
vation of the PGC-1a/SIRT3 pathway after SAH.
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Supplementary Data

A

Supplementary Figure 1. Distribution of lentivirus transfected in the brain. The staining of green fluorescent protein (GFP) in the
negative control group (NC-GFP). (A) Distribution of lentivirus in the deep brain tissue, scale bar=200 pm;
(B) Distribution of lentivirus in the temporal cortex tissue, scale bar=25 pm.

Supplementary Table 1. Description of the 18-point neurologic scoring system.

Spontaneous activity (in cage
for 5 min)

No movement

Barely moves
position

Moves but does not
approach at least 3
sides of cage

Moves and
approaches at least
3 sides of cage

Movements of forelimbs

Outreach is limited

Outreach is the same

(outstretching while held by and less than pre-
tail) SAH

Spontaneous movements of Moves all limbs the
all limbs limbs slowly same as pre-SAH

as pre-SAH

Reaction to touch on both
sides of trunk

Response to vibrissae touch Not available No response Weak response Normal response
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