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SIRT1 plays a neuroprotective role in traumatic brain
injury in rats via inhibiting the p38 MAPK pathway
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Abstract

Traumatic brain injury (TBI) is @ major cause of disability and death in patients who experience a traumatic injury. Mitochondrial
dysfunction is one of the main factors contributing to secondary injury in TBl-associated brain damage. Evidence of compromised
mitochondrial function after TBI has been, but the molecular mechanisms underlying the pathogenesis of TBI are not well understood.
Silent information regulator family protein 1 (SIRT1), a member of the NAD*-dependent protein deacetylases, has been shown to
exhibit neuroprotective activities in animal models of various pathologies, including ischemic brain injury, subarachnoid hemorrhage
and several neurodegenerative diseases. In this study, we investigated whether SIRT1 also exert neuroprotective effect post-TBI, and
further explored the possible regulatory mechanisms involved in TBI pathogenesis. A lateral fluid-percussion (LFP) brain injury model
was established in rats to mimic the insults of TBI. The expression levels of SIRT1, p-p38, cleaved caspase-9 and cleaved caspase-3
were all markedly increased and reached a maximum at 12 h post-TBI. In addition, mitochondrial function was impaired, evidenced
by the presence of swollen and irregularly shaped mitochondria with disrupted and poorly defined cristae, a relative increase of

the percentage of neurons with low AWm, the opening of mPTP, and a decrease in neuronal ATP content, especially at 12 h post-
TBI. Pretreatment with the SIRT1 inhibitor sirtinol (10 mg/kg, ip) induced p-p38 activation, exacerbated mitochondrial damage, and
promoted the activation of the mitochondrial apoptosis pathway. In contrast, pretreatment with the p38 inhibitor SB203580 (200
pg/kg, ip) significantly attenuated post-TBl-induced expression of both cleaved caspase-9 and cleaved caspase-3 and mitochondrial
damage, whereas it had no effects on SIRT1 expression. Together, these results reveal that the 12 h after TBI may be a crucial

time at which secondary damage occurs; the activation of SIRT1 expression and inhibition of the p38 MAPK pathway may play a
neuroprotective role in preventing secondary damage post-TBI. For this reason, both SIRT1 and p38 are likely to be important targets
to prevent secondary damage post-TBI.
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Introduction
Traumatic brain injury (TBI) is one of the leading causes of

which occurs gradually and involves a number of cellular
processes!” **. Because the primary insult is not amenable to
treatment, the secondary brain insult has been the major focus
of most studies to identify potential targets for treating TBI'™.

morbidity and mortality worldwide, and its incidence is dra-

matically increasing!"®. In recent decades, great progress

has been made in clarifying some of the pathophysiologi-
cal mechanisms associated with TBI"™**. TBI consists of a
primary insult, which is the mechanical displacement of tis-
sue that occurs at the time of injury, and a secondary insult,
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However, despite extensive research to develop new neuro-
protective therapies, surgery and neurocritical care remain the
only treatment options available for TBI patients.

Mechanisms underlying the pathophysiology of secondary
brain insults include excitotoxicity, neuroinflammation, vas-
cular abnormalities, mitochondrial dysfunction, free radical
formation, and neuronal and glial cell death® . In particular,
mitochondria play a crucial role in the negative downstream
effects of TBI™*7.. Normal mitochondrial function is essential
for maintaining neuronal metabolic homeostasis but is dis-



turbed in TBI>'. Studies have reported that the impairment
of energy production caused by mitochondrial dysfunction
is strongly associated with the pathogenesis of ischemia and
TBI[l, 7, 15].
impairment after TBI have poor prognoses!”?. Silent informa-

Similarly, patients with profound mitochondrial

tion regulator family protein 1 (SIRT1), a nicotinamide adenine
dinucleotide (NAD")-dependent histone deacetylase, has been
shown to improve mitochondrial biogenesis in animal models

11181 Fyrthermore, several studies have

and cultured neurons
suggested that activation of SIRT1 may rescue mitochondrial
function and block apoptosis in cerebral ischemia and neu-
(61920 Thys, we propose that SIRT1

provides a new therapeutic target for TBI.

rodegenerative diseases

Importantly, some signaling molecules downstream of
TBI have already been characterized. For example, mitogen-
activated protein kinase (MAPK) cascades, such as the p38,
extracellular signal-regulated kinase (ERK) and c-Jun N-termi-
nal kinase (JNK) cascades, have been implicated in neuronal
apoptosis after brain ischemia® %!, p38 MAPK has also been
shown to be involved in mitochondrial dynamics in cerebral
ischemic injury, thus suggesting a potential neuroprotective
benefit of p38 inhibition™. In recent years, in both myocardial
ischemia-reperfusion and acute lung injury, the effect of SIRT1
activation in correlation with the JNK, ERK and p38 MAPK
421" Tt has been shown that
SIRT1 synergistically interacts with p-ERK in mediating neu-

pathways has been investigated

ronal apoptosis induced by mechanical injury both in vitro and
in vivo, thus indicating that SIRT1 may interact with the MAPK
pathway and consequently promote neuronal survival®!.

Therefore, we hypothesized that both SIRT1 and the MAPK
pathway are activated post-TBI and that these factors may
interact and together mediate the downstream effects of TBI.
To this end, we established a lateral fluid-percussion (LFP)
brain injury rat model to mimic the primary and secondary
insults of TBI. We then analyzed expression of SIRT1, p-p38,
p-JNK, p-ERK1/2, cleaved caspase-9 and cleaved caspase-3
post-induced brain injury. We also observed mitochondrial
injury-related indicators, such as the opening of the mitochon-
drial permeability transition pores (mPTP) and changes in the
low mitochondrial membrane potential (AW,,) and ATP. We
further characterized the interaction between SIRT1 and the
p38 MAPK pathway by specifically inhibiting either SIRT1 or
p38 to determine whether SIRT1 has a neuroprotective effect
via the p38 MAPK pathway in a model of TBI.

Materials and methods

Animals

Male Sprague-Dawley rats (body weight 220-250 grams)
were housed individually under controlled environmen-
tal conditions with a 12-h light/dark cycle and were given
unrestricted access to pellet food and water throughout the
study. The animals were purchased from the Experimental
Animal Center of the Southern Medical University in Guang-
zhou, China (Certification: SCXK (Guangzhou) 2011-0015).
All surgical interventions were performed under anesthesia
with a mixture of 13.3% urethane and 0.5% chloralose (0.65
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mL/100 g body weight, ip) using a standardized proto-
col established in our laboratory. All efforts were made to
reduce the number of animals used and to minimize animal
discomfort. The experimental protocols were approved by
the Animal Care and Use Committee of the Southern Medi-
cal University, Guangzhou, China. None of the authors are
members of this committee. The care of animals was in
accordance with the guidelines of the US National Insti-

tutes of Health and the Chinese National Institute of Health.

Experimental groups and drug administration

The first experiment to analyze the expression of relevant pro-
teins and mitochondrial injury-related indicators in injured-
side cortices at different time points was divided into six
subgroups including a sham-treated control group, as well
as groups sacrificed at 6, 12, 24, 48, and 72 h post-TBI (n=12
for each group). The second experiment was performed to
study the effects of the SIRT1 inhibitor 12 h post-TBI. Rats
were arranged in four groups, including the sham-treated
control group, TBI group, TBI vehicle group [dimethyl sulfox-
ide (DMSO; Sigma St Louis, MO); intraperitoneal (30 pg/kg)
30 min before TBI], and the TBI+sirtinol group (sirtinol, Sell-
eck, USA, intraperitoneal, 10 mg/kg®” >, 30 min before TBI,
n=12 for each group). The third experiment was conducted
to explore the effects of the p38 inhibitor 12 h post-TBI. Rats
were randomized into four groups, including the sham-treated
control group, TBI group, TBI vehicle group [dimethyl sulfox-
ide (DMSO; Sigma St Louis, MO); intraperitoneal, 30 pg/kg,
30 min before TBI], and the TBI+5B203580 group [(SB203580,
Life Technologies, USA), intraperitoneal, 200 png/kg 9 30 min
before TBI, n=9 for each group]. Sham-treated animals under-
went identical preparatory procedures, including craniotomy,
but were not injured.

Lateral fluid-percussion (LFP) brain injury

Surgical procedures were performed as previously des-
cribed™ . Briefly, anesthetized rats were placed in a stereo-
taxic frame. After incision of the scalp, the temporal muscles
were reflected, and a 4.8 mm craniotomy was drilled (2.5 mm
lateral to the sagittal sinus and centered between the bregma
and lambda). A hollow female Luer-Lok fitting was placed
directly over the dura and rigidly fixed using dental cement.
Before the induction of trauma, the female Luer-Lok was
connected to the fluid percussion injury device via a trans-
ducer (Biomedical Engineering Facility, Medical College of
Virginia, USA). For the infliction of TBI, a metal pendulum
was released from a pre-selected height, thus leading to a
rapid injection of normal saline into the closed cranial cavity.
A pulse of increased intracranial pressure of 21-23 ms dura-
tion was elicited, controlled, and recorded by an oscilloscope
(Agilent 54622D, MEGAZoom, Germany). The severity of the
injury was altered by adjusting the amount of force generated
by the pendulum. For the present experiment, a severe injury
was induced (3.5+0.2 atmospheres™ ?")). Sham-treated animals
underwent identical preparatory procedures, including crani-
otomy, but were not injured.
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Isolation of rat cortical neurons

Neurons are sensitive to hypoxic ischemia and require con-
stant immersion in Dulbecco’s modified Eagle’s minimal
essential medium (DMEM) throughout the process of neuron
isolation. To rapidly isolate cortical neurons from the injured-
side of the rat brain, we followed a previously described

371 After completion

method with some minor modifications
of the above TBI procedures, the injured-side cortex was cut
into fragments, and cells were dissociated by incubation for 30
min at 37°C with 2 mg/mL papain in DMEM. To produce a
purified population of cells, we used the immune adherence
method. Cell suspensions were poured into anti-neural cell
adhesion molecule (NCAM)-coated petri dishes (Millipore,
USA) and placed on a shaker for 1 h, after which adhered cells
were collected. Trypan blue was used to exclude non-viable

cells.

Western blotting

Protein was extracted from the injured-side cortexes of animals
from all treatment groups by using a Total Protein Extraction
Kit (BestBio, Shanghai, China), according to the manufac-
turer’s protocols. The protein concentrations of extracts were
determined using an Enhanced BCA Protein Assay Kit (Beyo-
time Institute of Biotechnology, China). Western blot analysis

was performed as previously described™ !

using primary
antibodies against the following proteins: SIRT1, cleaved-
caspase-9, cleaved-caspase-3, p-p38, p-ERK1/2, p-JNK, p38,
ERK1/2, and JNK (all used at 1:1000; Abcam, Cambridge, UK)
and f-actin (Beyotime Institute of Biotechnology, China). An
HRP-conjugated anti-rabbit/mouse IgG antibody was used as
the secondary antibody (Beyotime Institute of Biotechnology,
China), and the signal was visualized using ECL substrate

(Pierce, Rockford, IL, USA).

Morphological observation

The morphological changes in neuronal mitochondria were
observed using transmission electron microscopy. The
injured-side cortex tissue was fixed with 2.5% glutaralde-
hyde and stained with cacodylate-buffered osmium tetroxide
(OsO,). Sections were prepared and examined under an elec-
tron microscope (Philips CM10; Philips, Eindhoven, The Neth-

erlands) (37,39, 401

Immunohistochemical staining
Immunohistochemical staining was performed as previously

described® 4!

. The injured-side cortexes from animals in all
treatment groups was removed and immediately immersed in
4% paraformaldehyde for over 24 h at 4°C. Cortex sections (5
pm thick) were blocked in 3% H,0O, and 3% normal goat serum
and incubated overnight with anti-mouse SIRT1 polyclonal
antibodies (1:200, Abcam, England). The secondary antibod-
ies, secondary biotinylated conjugates and diaminobenzidine
were from the GTVision™ III SP rabbit/mouse HRP kit (DAB)
(Dako, Denmark). An examiner blinded to the experimen-
tal groups randomly counted the cells labeled with SIRT1
throughout five lesioned regions in the injured-side cortex
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under a 400x light microscope.

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential (AW,,) was measured
using the fluorescent probe JC-1 (Invitrogen, CA, USA). In
mitochondria with normal membrane potentials, JC-1 forms
aggregates that fluoresce red, whereas in damaged, depo-
larized mitochondria, JC-1 forms monomers that fluoresce
green. Isolated neurons were incubated in DMEM containing
5 umol/L JC-1 for 15 min at 37°C. Relative fluorescence was
subsequently measured by flow cytometry (BD FACSVerse™;
BD, USA). Data were analyzed using BD FAC Suite soft-

Ware[37’ 42].

Determination of mPTP

The mitochondrial permeability transition pore (mPTP) open-
ing was measured by incubating isolated neurons at room
temperature for 15 min in the dark in DMEM containing 1
pmol/L calcein-AM (Invitrogen, CA, USA) and 2 mmol/L
CoCl,. Cells were then analyzed using flow cytometry (BD
FACSVerse™; BD, USA) to quantify green fluorescence, and
resulting mPTP values were determined using BD FAC Suite

softwarel® .,

Measurement of cellular ATP

Neuronal ATP content was measured using a luciferase-based
assay (CellTiter-Glo, Madison, WI, USA). This assay mea-
sures ATP through the energy-dependent luciferase/luciferin
reaction and provides information on cell viability. The test
was performed according to the manufacturer’s instructions.
Cells were counted in a hemocytometer by using the trypan
blue exclusion method, and 100 pL CellTiter-Glo reagent was
added to 100 pL cell suspension containing 10000 cells in
each well of a standard opaque-walled 96-well plate. Plates
were allowed to incubate at room temperature for 10 min, and
the luminescence was recorded in an automatic microplate
reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA,
Us A)[37, 4]

Statistical analysis

All data were analyzed for statistical significance using
the SPSS 13.0 software (SPSS, Chicago, IL, USA). Data are
expressed as the mean+SD. All data were analyzed by one-
way analysis of variance combined with Tukey’s multiple-
comparisons test. P values <0.05 were considered to be statis-
tically significant.

Results

SIRT1 expression is significantly elevated in injured cortex post-
TBI

We analyzed the expression of SIRT1 protein in the cortexes of
injured-side rat brains exposed to TBI induced by LFP at vari-
ous time points by Western blotting. We determined that the
level of SIRT1 expression in the sham-treated group was rela-
tively low. SIRT1 expression increased 6 h post-TBI, peaked
after 12 h, and remained high 24, 48, and 72 h post-TBI (Figure



1A, 1B). The expression of SIRT1 was also analyzed by immu-
nohistochemical staining. We similarly found that SIRT1 was
highly expressed in the cortex in the 12-h post-TBI group, a
result consistent with the results from the Western blot analy-
sis (Figure 1C).

6h

A Sham
SIRT1 -

Actin

Relative SIRT1 level

12 24 48 72
Time after TBI (h)

Figure 1. SIRT1 protein expression is increased in the injured cortex of
rats exposed to TBI induced by LFP. Injured-side cortices were isolated at
6, 12, 24, 48, and 72 h post-TBI. (A) The expression of SIRT1 and B-actin.
(B) Quantification of Western blots for SIRT1. (C) The expression of SIRT1
was determined by immunohistochemical staining post-TBI. B-Actin was
used as loading control. “P<0.05 vs sham group. n=6/group.
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MAPK pathway is activated post-TBI

To explore whether mitogen-activated protein (MAP) kinases,
a family of proteins involved in multiple phosphorylation/
dephosphorylation signaling cascades, were involved in the
pathogenesis of TBI, three well characterized MAPK family
members, p38, ERK and JNK, were examined by Western blot-
ting. The results showed that the protein level of phosphory-
lated p38 (p-p38) was significantly elevated at 6 h, peaked at
12 h, and remained elevated for 72 h post-TBI (Figure 2A, 2B).
Although TBI induced an upregulation of phosphorylated
ERK1/2 (p-ERK1/2) 6 and 12 h post-TBI, the expression levels
increased slightly and declined quickly (Figure 2A, 2D). We
also found that TBI elicited no effects on phosphorylated JNK
(p-JNK) expression (Figure 2A, 2C). Together, these results
suggest that the p38 MAPK pathway may play an important
role in the immediate injury response post-TBI.

TBI induces severe mitochondrial damage in neurons of injured
cortices and leads to apoptosis by triggering the mitochondrial
pathway

To assess the mitochondrial membrane potential, we mea-
sured AW, of neuronal mitochondria that were isolated from
the injured-side cortexes of the rat brains at 6, 12, 24, 48, and
72 h after TBI. To investigate mitochondrial function, neu-
ronal mitochondrial depolarization (low AW,) was assayed
and expressed as the change in JC-1 fluorescence from red to
green. We found that the percentage of neurons with low AW,
increased from 8.4% in the sham-treated group to 46% at 6 h
post-TBI, further increased to 64% at 12 h, and then decreased
to 34%, 25%, and 24% at 24, 48, and 72 h after TBI, respectively
(Figure 3A, 3B). To further confirm whether TBI induces
mitochondrial damage, the opening of mPTP was analyzed by
flow cytometry. Normal neuronal mitochondrial fluorescence
intensity was observed in the sham-treated group, whereas
significantly less mitochondrial fluorescence intensity was
detected in the TBI groups. In particular, the lowest fluores-
cence intensity was observed 12 h post-TBI (Figure 3C, 3D).
To evaluate the function of neuronal mitochondria after TBI,
neuronal ATP content was determined using the CellTiter-
Glo luciferase bioluminescence method. The neuronal ATP
content post-TBI also decreased significantly compared with
that of the sham-treated group (Figure 3E). Then, we detected
the level of cleaved caspase-3, the active form of caspase-3, to
determine whether apoptosis occurred in post-TBI neurons.
The results showed that the protein levels of cleaved caspase-3
were significantly increased at 6 h, peaked at 12 h, and then
slightly decreased at 24, 48, and 72 h post-TBI (Figure 3F, 3G).
We also analyzed the change in cleaved caspase-9, which is
the key activation protein in the mitochondrial apoptosis path-
way. We found that cleaved caspase-9 was also activated at
6 h and lasted for 72 h post-TBI (Figure 3F, 3H). These results
showed that the mitochondria in rat neurons were damaged
after TBI induced by LFP, especially 12 h after TBI, and that
TBI probably leads to activation of the mitochondrial apopto-
sis pathway by triggering caspase-9/caspase-3 activation.
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Figure 2. The MAPK pathway is activated post-TBI. The injured-side cortex of the rat brain was isolated at 6, 12, 24, 48, and 72 h post-TBI. (A) The
expression of p-p38, p38, p-ERK1/2, ERK1/2, p-JNK, JNK, and B-actin. (B-D) Quantification of Western blots for p-p38, p-JNK, and p-ERK1/2. The
expression of p-p38 (A, B) and p-ERK1/2(A, D) were significantly elevated in rats post-TBI, whereas there was no change in expression of p-JNK (A, C).
B-Actin was used as loading control. n=6/group. Mean+SD. "P<0.05 vs sham group.

The SIRT1 inhibitor exacerbates TBIl-induced mitochondrial
damage, promotes neuronal apoptosis and activates p38 MAPK
signaling

To demonstrate the effect of endogenous SIRT1 on neuronal
survival, the SIRT1 inhibitor sirtinol (10 mg/kg) was injected
into the intraperitoneal cavity 30 min before LFP-induced
TBI® ?], Western blotting and immunohistochemical staining
results demonstrated that the expression of SIRT1 12 h post-
TBI was inhibited by sirtinol (Figure 4A-4C). In rats at 12 h
post-TBI, compared with the TBI group, inhibition of SIRT1
resulted in a significant increase in p-p38, cleaved caspase-9
and cleaved caspase-3 (Figure 4D, 4E, 4G-4I), whereas the
expression of p-ERK1/2 was not significantly changed (Fig-
ure 4D, 4F). Transmission electron microscopy was used to
examine the mitochondrial morphology. Cells from the sham-
treated group showed normal mitochondria with preserved
membranes and cristae (Figure 5A). In contrast, the mitochon-
dria appeared swollen and irregularly shaped with disrupted
and poorly defined cristae in the 12 h post-TBI group and 12 h
post-TBI+DMSO group (Figure 5B, 5C), and the SIRT1 inhibi-
tor exacerbated these effects (Figure 5D). As shown in Figure
4, SIRT1 inhibition, compared with the TBI group, exacer-
bated mitochondrial damage post-TBI, including an increase
in low AW, (Figure 4], 4K) and the opening of mPTP (Figure
4L, 4M) and a relative decrease in neuronal ATP 12 h post-TBI
(Figure 4N). Together, these results suggest that SIRT1 may
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be involved in the mitochondrial apoptosis pathway post-TBI
through the regulation of p38 MAPK signaling.

Inhibition of p-p38 alleviates mitochondrial damage and
neuronal apoptosis

To determine whether the activation of the p38 MAPK
pathway could regulate the level of SIRT1 by mediating the
mitochondrial apoptosis pathway in vivo, rats were injected
intraperitoneally with the p38 MAPK inhibitor SB203580 (200
pg/ke) 30 min before LFP-induced TBI®. After 12 h, rats
were sacrificed. p38 inhibition, compared with that in the TBI
group, significantly decreased the expression of p-p38 (Figure
6A, 6B), whereas it had no significant effect on the level of
SIRT1 (Figure 6A, 6C). When p-p38 expression was inhibited,
the activation of cleaved caspase-9 and cleaved caspase-3
was significantly decreased (Figure 6A, 6D, and 6E). The p38
inhibitor also alleviated the TBI-induced damage of neuronal
mitochondria that resulted in swollen and irregularly shaped
mitochondria with disrupted and poorly defined cristae 12 h
post-TBI (Figure 5E). Furthermore, the low AW, was signifi-
cantly decreased (Figure 6F, 6G), the mitochondrial fluores-
cence intensity representing the opening of mPTP was signifi-
cantly increased (Figure 6H, 6I) and the amount of neuronal
ATP was significantly increased 12 h post-TBI (Figure 6]).
Together, these results suggest that inhibition of p-p38 leads
to a decrease in mitochondrial apoptosis post-TBI and has no
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Figure 3A-3D. TBI induces severe mitochondrial damage in neurons of injured cortices and leads to apoptosis by triggering the mitochondrial pathway.
Neurons were isolated from the injured-side cortex of rat brains at 6, 12, 24, 48, and 72 h post-TBI. (A) The loss of AW, was measured by JC-1 and
analyzed by flow cytometry. (a-f) represent the sham group and 6, 12, 24, 48, and 72 h post-TBI, respectively. (B) Quantification of mitochondrial
depolarization expressed as JC-1 monomer (green fluorescence) at different time post-TBI. (C) The mPTP opening was measured by staining with

calcein-AM and CoCl, and analyzed by flow cytometry for green fluorescenc

e. (a-f) represent the sham group and 6, 12, 24, 48, and 72 h post-TBI,

respectively. (D) Quantification of mitochondrial green fluorescence intensity post-TBI at different time as indicated. Neurons with low AW, (A, B) and
the mPTP opening (C, D) were increased. n=6/group. Mean+SD. "P<0.05 vs sham group.

significant effects on the level of SIRTI.

Discussion

TBI is considered to be the leading cause of morbidity and
mortality in young adults worldwide™ ?. Although there are
various degrees of severity of TBI, all forms of this injury have
been shown to affect the function of mitochondria!l. Mito-
chondrial dysfunction is recognized as the main contributing

factor to secondary injury, which is the major cause of TBI-
associated brain damage!". Thus, mitochondria may play a
crucial role in the pathophysiological process of TBI'. Under
normal conditions, mitochondria provide an essential function
in maintaining metabolic homeostasis of neurons. Therefore,
mitochondrial damage can lead to oxidative stress, subse-
quent apoptosis and decreased cellular energy production, as
has been reported in multiple animal model studies™ *”. In
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Figure 3E-3H. TBI induces severe mitochondrial damage in neurons of injured cortices and leads to apoptosis by triggering the mitochondrial pathway.
(E) Quantification of the change in neuronal ATP levels following TBI at different times as indicated. (F) The expression levels of cleaved caspase-3,
cleaved caspase-9 and B-actin were detected by Western blotting. B-Actin was used as a loading control. (G) Quantification of Western blots for cleaved
caspase-3. (H) Quantification of Western blots for cleaved caspase-9. ATP level in neurons was decreased (E). The expression of cleaved caspase-3 and
cleaved caspase-9 were significantly elevated in rats post-TBI (F-H). n=6/group. Mean+SD. “P<0.05 vs sham group.

the present study, our results confirmed that mitochondrial
function was impaired post-TBI, as indicated by the swollen
and irregularly shaped appearance of the mitochondria with
disrupted and poorly defined cristae, an increase in low AW,
and the opening of mPTP, and a decrease in relative ATP con-
tent post-TBI. Mitochondrial damage may initiate a cascade
of events leading to further damage post-TBI. Increasing evi-
dence suggests that mitochondrial dysfunction and increased
apoptosis play important roles in the pathogenesis of brain
damage. Caspase-9 has been shown to be a critical factor in
the mitochondrial apoptosis pathway, and caspase-3 plays a
key role in apoptotic cell death” . Our analysis revealed
a significant increase in both cleaved caspase-9 and cleaved
caspase-3 post-TBI, thus suggesting an increase in apoptosis
in the brain post-TBI. In addition, our studies indicated that
both mitochondrial damage and the occurrence of apoptosis
peaked 12 h post-TBI; therefore, we speculated that the sec-
ondary injury might occur in the 12 h post-TBI. However, the
mechanism by which this occurs remains to be elucidated.
Mitogen-activated protein kinases (MAPKSs) are serine/
threonine protein kinases that are involved in a number of
cellular processes including stress response, apoptosis, and
cell survival. MAPKSs are relatively highly expressed in the
central nervous system™. Activated MAPKs play an essen-
tial role in neural cell fate, specifically in the survival/death
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of neurons after ischemic brain injury® *!. One of the well-

characterized MAPK family members, p38 MAPK, has been
shown to be preferentially activated by various environmental
stresses, such as heat shock, X-rays, and ultraviolet irradia-
tion. After activation, p38 MAPK subsequently regulates
apoptosis/autophagy, cell survival/death, and the inflamma-
tory response™ “*". Potential roles of p38 MAPK in neuro-
nal apoptosis are receiving increasing attention. It has been
shown in several recent studies that increased p38 MAPK
activity plays a crucial role in neuronal death in response to
stress stimuli®®", whereas inhibition of P38 MAPK decreases
cerebral ischemic injury and results in neuroprotection in vitro
and in vivo™ %, In the present study, TBI caused a signifi-
cant increase in p-p38 activity, neuronal apoptosis and mito-
chondrial damage, whereas the p38 MAPK inhibitor reduced
this relative increase in p-p38, neuronal apoptosis and mito-
chondrial damage. This finding suggests that the p38 MAPK
pathway is involved in the regulation of neuronal apoptosis
and that inhibition of p38 activation may have a neuroprotec-
tive effect in the post-TBI brain.

Sirtuins, a family of NAD"-dependent deacetylases, have
been implicated in longevity, aging, metabolism and resis-
tance to oxidative stress. Specifically, SIRT1 has recently
become a target for drug development, because it is involved
in processes such as cancer, inflammation, cardiovascular dis-
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Figure 4A-Al. SIRT1 inhibitor exacerbates TBI-induced mitochondrial damage, promotes neuronal apoptosis and activates p38 MAPK signaling. Rats
were injected intraperitoneally with the SIRT1 inhibitor sirtinol (10 mg/kg) 30 min before LFP-induced TBI. After 12 h, rats were sacrificed. (A) The
expression of SIRT1 and B-actin were detected by Western blot. B-Actin was used as loading control. (B) Quantification of Western blots for SIRT1. (C)
The expression of SIRT1 was analyzed by immunohistochemical staining post-TBI. (D) The expression levels of p-p38, p38, p-ERK1/2, ERK1/2 and
B-actin were detected by Western blot. B-Actin was used as loading control (n=3/group). (E) Quantification of Western blots for p-p38. (F) Quantifica-
tion of Western blots for p-ERK1/2. (G) The expression of cleaved caspase-3, cleaved caspase-9 and B-actin were detected by Western blot. B-Actin
was used as loading control. (H) Quantification of Western blots for cleaved caspase-3. (l) Quantification of Western blots for cleaved caspase-9. SIRT1
inhibitor decreased the expression of SIRT1 (A-C), and increased the expression of p-p38 (D, E), cleaved caspase-3 (G, H) and cleaved caspase-9 (G, 1),
and it have no effect on the expression of p-ERK1/2 (D, F). There was no difference between the TBI and the TBI+DMSO groups. n=6/group. Mean+SD.

“P<0.05 vs sham group. *P<0.05 vs TBI group.
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Figure 4J-4N. SIRT1 inhibitor exacerbates TBI-induced mitochondrial damage, promotes neuronal apoptosis and activates p38 MAPK signaling. Rats
were injected intraperitoneally with the SIRT1 inhibitor sirtinol (10 mg/kg) 30 min before LFP-induced TBI. After 12 h, rats were sacrificed. (J) The loss
of AW, was measured by JC-1 and analyzed by flow cytometry. (a-d) represent the sham group, TBI group, TBI+DMSO group and TBI+sirtinol group,
respectively. (K) Quantification of mitochondrial depolarization expressed as JC-1 monomer (green fluorescence) in all treatment groups post-TBI. (L)
mPTP opening was measured by staining with calcein-AM and CoCl, and analyzed by flow cytometry for green fluorescence. (a-d) represent the sham
group, TBI group, TBI+DMSO group and TBI+sirtinol group, respectively. (M) Quantification of mitochondrial green fluorescence intensity post-TBI in

all treatment groups. (N) Quantification of the change in neuronal ATP levels following TBI in all treatment groups. SIRT1 inhibitor also increased the
There was no difference between the TBI and the TBI+DMSO
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Figure 5. Mitochondrial morphology was observed by transmission electron microscopy. Rats were injected intraperitoneally with the SIRT1 inhibitor
sirtinol (10 mg/kg) 30 min or the p38 inhibitor SB203580 (200 pg/kg) 30 min before LFP-induced TBI. After 12 h, rats were sacrificed. (A-E)
represent the sham group, TBI group, TBI+DMSO group, TBI+sirtinol group and TBI+SB203580, respectively. There was no difference between the TBI
and the TBI+DMSO groups. Mitochondria are with poorly defined cristae in the TBI and TBI+DMSO group (B, C), the SIRT1 inhibitor exacerbated these
alterations (C), while the p-38 inhibitor could partially alleviate mitochondria damage. n=3/group.
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Figure 6A-6E. Inhibition of p-p38 can alleviate mitochondrial damage and neuronal apoptosis. Rats were injected ip with the p38 inhibitor SB203580
(200 pg/kg) 30 min before TBI induced by LFP. After 12 h, rats were sacrificed. (A) The expression of p-p38, p38, SIRT1, cleaved caspase-9, cleaved
caspase-3 and B-actin were detected by Western blot. B-Aactin was used as loading control. (B) Quantification of Western blots for p-p38. (C) Quantifi-
cation of Western blots for SIRT1. (D) Quantification of Western blots for cleaved caspase-9. (E) Quantification of Western blots for cleaved caspase-3.
There was no difference between the TBI and the TBI+DMSO groups. P-38 inhibitor decreased the expression of p-p38 (A, B), cleaved caspase-9 (A, D)
and cleaved caspase-3 (A, E). n=6/group. Mean+SD. "P<0.05 vs sham group. “P<0.05 vs TBI group.
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Figure 6F-6J. Inhibition of p-p38 can alleviate mitochondrial damage and neuronal apoptosis. Rats were injected ip with the p38 inhibitor SB203580
(200 pg/kg) 30 min before TBI induced by LFP. After 12 h, rats were sacrificed. (F) The loss of AW, was measured by JC-1 and analyzed by flow cy-
tometry. (a-d) represent the sham group, TBI group, TBI+DMSO group and TBI+SB203580 group, respectively. (G) Quantification of mitochondrial
depolarization expressed as JC-1 monomer (green fluorescence) of all treatment groups post-TBI. (H) mPTP opening was measured by staining with
calcein-AM and CoCl, and analyzed by flow cytometry for green fluorescence. (a-d) represent the sham group, TBI group, TBI+DMSO group and TBI+
SB203580 group, respectively. (I) Quantification of mitochondrial green fluorescence intensity post-TBI of all treatment groups. (J) Quantification of the
change in neuronal ATP levels following TBI of all treatment groups. There was no difference between the TBI and the TBI+DMSO groups. P-38 inhibi-
tor decreased the low AW,, (F, G) and the opening of mPTP (H, 1), and increased neuronal ATP levels (J). n=6/group. Mean+SD. ‘P<0.05 vs sham group.

#P<0.05 vs TBI group.
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ease, and diabetes and has crucial roles in stress-responsive
signaling pathways!> 2 5 >4,
have shown that SIRT1 plays a role in neurodegenerative dis-

In the brain, previous studies

orders, differentiation of stem cells, normal cognitive function
and synaptic plasticity™ .
properties of SIRT1 have been described in ischemic stroke
(7,283 - Using Western blotting
and immunohistochemical analyses, we demonstrated that

Furthermore, neuroprotective
and subarachnoid hemorrhage

SIRT1 levels were significantly increased in the brain post-
TBI, with a peak at 12 h, a finding consistent with previous
reports in models of subarachnoid hemorrhage and cerebral
ischemia. This result suggests that SIRT1 upregulation might
be involved in the damage response of TBI. Here, to explore
the role of SIRT1 post-TBI, we pretreated rats with the SITR1
inhibitor sirtinol before initiation of TBI. We observed that
sirtinol downregulated the protein level of SIRT1, which in
turn further exacerbated mitochondrial damage and apoptosis
12 h post-TB], thus indicating that SIRT1 may play a neuro-
protective role and may prevent the occurrence of secondary
damage post-TBI.

On the molecular level, several signaling pathways may be
involved in the neuroprotection conferred by SIRT1 activa-
tion. SIRT1 over-expression has been reported to block LPS-
and nicotine-induced phosphatidylinositol 3-kinase (PI3K),
p38, INK, ERK, protein kinase C (PKC) and nuclear factor

24,255,591 Moreover, the flavonoid

kappa B (NF-xB) activation
icariin enhances neuronal survival after oxygen and glucose
deprivation by increasing SIRT1 expression. Furthermore,
the p38 inhibitor SB203580 suppresses the expression of SIRT1
induced by icariin, thus suggesting a potential relationship
between SIRT1 and the p38 MAPK pathway in promoting
neuronal survival®. Another study has recently reported
that SIRT1 may protect lung tissue against burn-induced acute
lung injury by attenuating apoptosis of pulmonary microvas-
cular endothelial cells via p38 MAPK signaling®..
the potential relationship between SIRT1 and p38-induced

To probe

mitochondrial damage and apoptosis of neurons post-TBI, we
first analyzed the expression of cleaved caspase-3, the change
in AW, the opening of mPTP, the amount of ATP and the acti-
vation of p38 MAPK in the presence of a SIRT1 inhibitor. We
found that the SIRT1 inhibitor sirtinol triggered an increase
in the expression of cleaved caspase-9 and cleaved caspase-3,
exacerbated mitochondrial damage, and promoted the activa-
tion of p-p38. We subsequently used SB203580, an inhibitor
of p38 phosphorylation, in a similar set of experiments. We
found that p38 inhibition had no significant effects on the
expression of SIRT1, thus suggesting that p38 is downstream
of SIRT1. Furthermore, p38 inhibition also resulted in a sig-
nificant reduction in mitochondrial apoptosis induced by TBI.
Some studies have indicated that inhibition of p38 MAPK
signaling attenuates apoptosis in cerebral ischemic injury, thus
suggesting a prominent role of p38 MAPK in the protective
effects of SIRT1 in preventing neuronal apoptosis. Here, we
speculate that p38 may be modified by both phosphoryla-
tion and acetylation or that the phosphorylation of p38 can be
affected by an acetylated protein; therefore, an increase in the

www.chinaphar.com
Yang H et al

179

expression of SIRT1 may result in an increase in acetylation of
p38 or the upstream signal of p38, thus leading to an increase
in the substrates of p38. At this point, when the tissue or cells
are stressed, the phosphorylation of p38 may be enhanced.
Therefore, the precise mechanism by which SIRT1 modulates
P38 activity remain to be elucidated in future studies.

In conclusion, our study demonstrated that both mitochon-
drial damage and the occurrence of apoptosis peaked at 12 h
post-TBI, thus leading to secondary brain injury. p38 MAPK
was activated 6-12 h after the TBI stress process, which was
involved in the genesis of mitochondrial damage and apop-
tosis during secondary brain injury. Meanwhile, SIRT1 was
also activated at the same time points that p38 was activated.
Therefore, activation of SIRT1 expression and inhibition of
the p38 MAPK pathway may play a neuroprotective role in
preventing the occurrence of secondary damage post-TBI.
Therefore, both stimulation of SIRT1 and inhibition of p38 are
likely to be important targets for preventing secondary brain
damage.
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