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Abstract. The inflammatory response in the cerebral cortex
serves an important role in the progression of secondary
injury following traumatic brain injury (TBI). The NLR
family pyrin domain containing 3 (NLRP3) inflammasome
is necessary for initiating inflammation and is involved in
various central nervous system disorders. The aim of the
present study was to investigate the neuroprotective effect of
resveratrol and elucidate the underlying mechanisms of resve-
ratrol associated regulation of the NLRP3 inflammasome in
TBI. The results demonstrated that the activation of NLRP3,
caspase-1 and sirtuin 1 (SIRT1), enhanced the production of
inflammatory cytokines and reactive oxygen species (ROS)
following TBI. Administration of resveratrol alleviated the
degree of TBI, as evidenced by the reduced neuron-specific
enolase (NSE) and brain water content’( WBC){ Resveratrol
pretreatment also inhibited the activation of NLRP3 and
caspase-1, and reduced the production of inflammatory
cytokines and ROS. In addition; resveratrol further promoted
SIRT1 activation. Furthemfore, the suppressing effect of
resveratrol on the NLRP3\inflammasome and ROS was
blocked by the SIRT ldnhibitor; sirtinol. The results revealed
that the activation’of the NLRP3 inflammasome and the
subsequent inflammatofy responses in the cerebral cortex
were involved in the process of TBI. Resveratrol may atten-
uate the inflammatory résponse and relieve TBI by reducing
ROS production and inhibiting NLRP3 activation. The effect
of resveratrol on NLRP3 inflammasome and ROS may also
be SIRT1 dependent.
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Introduction

Traumaticybrain ifijury (FBI) is a common severe injury of
neurosufgery, which isahainly caused by mechanical forces of
tearing, shearing or stretching. TBI has been a heavy economic
and social burden and has high morbidity and mortality (1).
So far plenty of'researches have been conducted to illuminate
the mechanisms underlying TBI and explored the effective
neuroprotective drugs aiming to alleviate the grave conse-
quences of TBI. Although the precise mechanisms underlying
the development of TBI remain unclear, it is admitted that the
secondary injury is tightly linked with the prognosis of TBI.
Post-traumatic inflammation response in cerebral cortex plays
an important role in the progression of secondary injury (2).

Increasing evidences indicate that cytokines, such as
IL-1pB, participate in inflammation development. IL-1p is
a potent inflammatory initiating cytokine. It can activate
additional inflammatory cells and release more inflammatory
mediators and cytokines, thus amplifying the injury signals
and triggering an inflammatory cascade (3). IL-1f is mainly
produced by NLRP3 inflammasome, which serves as a plat-
form to activate caspase and triggers proteolytic maturation
of pro-inflammatory cytokines, such as IL-1f and IL-18 (4).
Increasing evidences indicate that NLRP3 inflammasome
participates in the development of central nervous system
disorders, such as cerebral ischemia reperfusion injury (5),
neurodegenerative disease (6), cerebral tumor (7) and so on.
It is reported that NLRP3 also participates in the pathogenesis
of TBI (8).

Resveratrol (3,5.4'-trihydroxy-stilbene, RS) is a stilbenoid,
a natural polyphenolic agent, which has been demonstrated
to eliminate free radicals and ROS, reduce inflammatory
response and modulate programmed cell death (9). Particularly,
administration of resveratrol has potent neuroprotection
effects in various animal models including cerebral ischemia
reperfusion injury (10), stroke (11), and TBI (12). However,
the mechanisms through which resveratrol exerts protective
effect following TBI require further examination. A previous
study demonstrated resveratrol exerted a protective effect
in acute lung injury by suppressing the NLRP3 inflamma-
some signaling (13). So it is necessary to determine whether
resveratrol is capable of modulating TBI through NLRP3
inflammasome signaling pathway.
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In the present study, we sought to investigate the neuro-
protective effect of resveratrol and to explore the underlying
mechanisms of resveratrol regulating NLRP3 inflammasome
in TBIL

Materials and methods

Animals and experimental groups. Healthy adult male
Sprague-Dawley rats (300 g-330 g) were used in the experi-
ments, which were purchased from the Experimental Animal
Center of the Fourth Military Medical University. The present
study was approved by the Ethics Committee of Animal
Experiment Administration Committee of The Fourth Military
Medical University (Shaanxi, China). Rats were housed under
humidity and temperature controlled conditions as well as
under specific pathogen-free conditions. Rats were randomly
divided into the following groups: sham group (n=6), TBI
group at different time point (n=24), TBI+Resveratrol (RS)
group (n=6) and TBI+sirtinol group (n=6).

TBI model. The detailed methods to produce TBI model
had been described previously (1). Briefly, we used a free
fall device in the experiment. Rats were anaesthetized using
pentobarbital sodium (50 mg/kg) by intraperitoneal injection
and then a midline incision was created, and the skin was
retracted to expose sagittal suture and coronal suture. When
fixed to the free fall device, a ball breaker weighting 50 g
was dropped from the 90 cm height to form a free-falling
impact, resulting in closed craniocerebral trauma. Almost
all animals subjected to TBI showed brain hémorthage and
edema, however, generally 10% mortality post injury was
observed.

Resveratrol (Sigma, St Louis, MO, USA) was dissolved
in 75% ethanol and attenuated bydnormal saline (2% ethanol
content) to a concentration of 400 mg/ml. 100 mg/kg resve-
ratrol was administered intraperitoneally in the TBI+RS
group 30 min before TBI (14), while a corresponding volume
of saline (2% ethanol.eontent) was administered in the TBI
group and sham group 30 min before TBI model. The sham
group rats were Subjected toran identical procedure with the
TBI group rats, however without ball breaker hit.

Sirtinol (Selleck Chemicals, Houston, TX, USA), a
potent SIRT1 inhibitor, was dissolved in 75% ethanol and
normal saline (2% ethanol content). Sirtinol (10 mg/kg) was
administered intraperitoneally 30 min before TBI in the
TBI+sirtinol group (15).

In the TBI group, rats were sacrificed at 6, 12,24 and 48 h
after TBI respectively, and their tissues were sampled. In the
other groups, rats were sacrificed, and their tissues and blood
were sampled 24 h after TBI. Blood was taken from aortaven-
tralis and centrifuged at 1,500 g for 10 min to collect serum.

Enzyme-linked immune sorbent assay (ELISA). The serum
level of neuron-specific enolase (NSE), a specific biomarker
of brain injury, was quantified using corresponding ELISA
kit (Jiancheng Bioengineering Institute, Nanjing, China).
The level of IL-1f and IL-18 in the supernatant of cerebral
cortex homogenate was determined using specific ELISA
kit (Jiancheng Bioengineering Institute) according to the
manufactures' protocols. The optical density (OD) values were
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measured at a wavelength of 450 nm using ELX808 micro-
plate reader.

Measurement of brain water content (BWC). Brain water
content was measured by wet/dry weight ratio according to
the protocol described previously (16). In brief, the injured
cerebral hemisphere was weighted and then transferred to
desiccating oven for dehydration at 110°C for 24 h. The dried
tissue was weighted again. BWC=[(wet brain weight-dry brain
weight)/wet brain weight]x100%.

Measurement of the level of SOD, MDA and GSH in rats
cerebral cortex. The level of SOD, MDA and GSH were spec-
trophotometrically assayed using appropriate kits (Jiancheng
Bioengineering Institute) respectively. The cerebral cortex was
homogenized and centrifuged in extraction buffer to obtain
a 5% homogenate. The absorbance was measured using a
DU-800 spectrophotometer (Beckman Coulter, Fullerton, CA,
USA) at a wayelength'of 460 im.

Quantitative real-timedeverse transcription PCR (qRT-PCR).
The nRNA levels'of NLRP3, caspase-1, IL-1p and IL-18
were analyzed by qRT-PCR. We used TRIzol (Invitrogen Life
Technologies, Carlsbad, CA, USA) to extract total RNA in
injured gerebral cortex. RNA was reverse-transcribed into
cDNA by Prime Script®T Reagent kit (Takara Bio, Inc., Otsu,
Japan). Using SYBR Green (Takara Bio, Inc.) and specific
primers, the levels of target gene mRNAs were measured
with a real-time PCR system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

The qRT-PCR thermalcycle condition was employed as
follows: an initial denaturation at 95°C for 30 sec, followed by
39 cycles of denaturation at 95°C for 15 sec, annealing at 60°C
for 30 sec, and elongation at 72°C for 10 sec.

The primer sequences of targeted genes used in the present
study were as follows: NLRP3: 5'-CAGCGATCAACAGGC
GAGAC-3' (F), 5" AGAGATATCCCAGCAAACCTATCC
A-3' (R); caspase-1: 5-~ACTCGTACACGTCTTGCCCTCA-3'
(F), 5-CTGGGCAGGCAGCAAATTC-3' (R); IL-1p3: 5'-CCC
TGAACTCAACTGTGAAATAGCA-3' (F), 5-CCCAAG
TCAAGGGCTTGGAA-3' (R); IL-18: 5-GACTGGCTGTGA
CCCTATCTGTGA-3' (F), 5“TTGTGTCCTGGCACACGT
TTC-3' (R); GAPDH: 5-GAACATCATCCCTGCATCCA-3'
(F), 5-CCAGTGAGCTTCCCGTTCA-3' (R).

Western blot. The injured cerebral cortex samples were homog-
enized and the concentrations of protein were measured using
BCA assay method. 30 ug protein was separated by electro-
phoresis on 10% sodium dodecyl sulfate-polyacrylamide gels,
and transferred to polyvinylidene difluoride membranes. The
following primary antibodies were used: NLRP3 (Biorbyt,
Cambridge, UK), caspase-1 (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) and SIRT1 (Abcam, Cambridge, UK). The
sheared bands were observed by chemiluminescense using the
FluorChem FC system and were presented as a densitometric
ratio between the protein of target and the loading control.
Results were analyzed using the software of ImageJ v1.46.

Statistical analysis. The experiment data were expressed
as mean + SEM. Comparison between different groups was
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determined using one-way analysis of variance (ANOVA)
followed by Bonferroni t-test using GraphPad Prism 6 software
(San Diego, CA, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

TBI resulted in elevated NLRP3 and caspase-1 expression in
rats cerebral cortex. The expression of NLRP3 and caspase-1
at different time points after TBI were evaluated by western
blot. Results indicated that the expression of NLRP3 and
caspase-1 were up-regulated at 6 h after TBI and peaked at
24 h (P<0.05; Fig. 1). So we chose the 24 h time point after TBI
in our following experiments.

Resveratrol pretreatment reduced the mRNA and protein
expressionlevel of NLRP3 and caspase-1 inrats cerebral cortex
after TBI. The mRNA expression of NLRP3 and caspase-1
were detected by real time PCR. The Fig. 2A and B showed
that the mRNA expression level of NLRP3 and caspase-1 in
the TBI group was significantly elevated compared with the
sham group (P<0.05). Pretreatment with resveratrol remark-
ably reduced the elevated NLRP3 and caspase-1 mRNA levels
(P<0.05). To determine whether the protein levels of NLRP3
inflammasome were corresponded to their mRNA levels, we
further conducted western blot experiment. We observed the
NLRP3 and caspase-1 protein level were increased after TBI
(P<0.05), but significantly decreased by administration of
resveratrol (P<0.05) (Fig. 2C and D).

Resveratrol pretreatment decreased the lévels of IL-13 and
IL-18 in rats cerebral cortex after TBISIL-1f and IL-18 are
effector molecules of NLRP3 inflampniasome signals, acting as
inflammatory initiating cytokines¢Therefore we analyzed the
generation of IL-1p and IL-184n rats cerebral cortex by real
time PCR and ELISA. We found that the mRNA and protein
level of IL-1p and IL-18 wererelafively low in the sham group.
TBI significantly increased the mRNA and protein level of
IL-1p and IL-18 (P<0.05), while‘resveratrol pretreatment
markedly decreased the elevated level of IL-1p and IL-18
(P<0.05) (Fig. 3A-D).

Resveratrol pretreatment decreased the level of serum NSE
and brain edema in TBI rats. It has been demonstrated that
resveratrol has the neuroprotective effect. First, we measured
the serum level of NSE, a biomarker valuing brain injury
degree. We found that NSE was significantly increased in
serum of TBI rats. When pretreatment with resveratrol, the
elevated NSE was remarkably abolished (P<0.05) (Fig. 4A).
Moreover, the BWC in the TBI group was much higher than
the sham group, which was reversed when pretreatment with
resveratrol (P<0.05) (Fig. 4B). It indicated that pretreatment
with resveratrol could alleviate the degree of TBI.

Resveratrol attenuated NLRP3 inflammasome signaling
activation via enhanced expression of SIRTI. To investigate
the mechanism of resveratrol on regulating NLRP3 inflam-
masome signaling, we further examined the role of SIRTI.
We introduced an inhibitor of SIRT1, sirtinol, in conjunction
with resveratrol. We found that the SIRT1 expression was
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Figure 1. TBI resulted in elevated NLRP3 and caspase-1 expression in rats
cerebral cortex. The samples were collected at 6, 12, 24 and 48 h after
TBI. The protein level of (A) NLRP3 and (B) caspase-1 were evaluated by
western blot. The values presented are mean + SEM (n=6 per group). "P<0.05
compared to the value in Sham.group. TBI, traumatic brain injury; NLRP3,
NLR family pyrin domain containing 3.
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Figure 2. Resveratrol pretreatment reduced the mRNA and protein expression
level of NLRP3 and caspase-1 in rats cerebral cortex after TBI. The cerebral
cortex samples were collected 24 h after TBI. The mRNA levels of NLRP3
(A) and caspase-1 (B) were detected by reverse transcription-quantitative
polymerase chain reaction. The protein level of (C) NLRP3 and (D) caspase-1
were evaluated by western blot. The values presented are mean =+ standard
error mean (n=6 per group). 'P<0.05 compared to the value in Sham group.
"P<0.05 compared to the value in TBI group. TBI, traumatic brain injury;
NLRP3, NLR family pyrin domain containing 3; RS, resveratrol.

increased after TBI (P<0.05), and resveratrol pretreatment
further enhanced the expression level of SIRT1 (P<0.05).
When co-administrated with sirtinol and resveratrol,
the increased level of SIRTI in the TBI+RS group was
reduced (P<0.05) (Fig. 5A). Meanwhile, co-administrated
with sirtinol and resveratrol reversed the suppressing
effect of resveratrol on NLRP3 (P<0.05) (Fig. 5B). We
further examined the level of IL-1f and IL-18. We found
co-administration with sirtinol and resveratrol could reverse
the reduced level of IL-1f and IL-18 in the TBI+RS group
(P<0.05) (Fig. 5C and D).
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Figure 3. Resveratrol pretreatment decreased the levels of IL-13 and IL-18
in rat cerebral cortex after TBI. The cerebral cortex samples were collected
24 h after TBI. The mRNA level of IL-1 (A) and IL-18 (B) were determined
by reverse transcription-quantitative polymerase chain reaction and normal-
ized to GAPDH. The protein level of IL-1f (C) and IL-18 (D) were measured
by ELISA. The values presented are mean =+ standard error mean (n=6 per
group). "P<0.05 compared to the value in Sham group. “P<0.05 compared
to the value in TBI group. IL, interleukin; TBI, traumatic brain injury; RS,
resveratrol.
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Figure 4. Resveratrol pretreatment decreased the level of serumNSE and
BWC of TBI rats. Samples were collected 24'h after TBI. The level of
(A) serum NSE was measured by ELISA and the level of (B) BWC were
measured by wet/dry ratio. The values pre§ented are mean =+ standard error
mean (n=6 per group). ‘P<0.05 comparedto the value in Sham group. "P<0.05
compared to the value in TBI group. NSE, neuron-speeific enolase; BWC,
brain water content; TBI, traumatic brain injury; RS, resveratrol.

Resveratrol pretreatmentiinhibited the extent of oxidative
stress in rats cerebral cortex after TBI via SIRTI. Oxidative
stress plays a key role in,NLRP3 inflammaoseme activation
during ischemia reperfusion injury. To determine whether
resveratrol and SIRT1 had an impact on oxidative stress in
rats cerebral cortex after TBI, we assessed the changes of
endogenous antioxidants SOD, MDA and GSH. We found that
the levels of SOD and GSH were remarkably declined, while
the level of MDA was significantly elevated in the TBI group
compared with the sham group (P<0.05). When pretreatment
with resveratrol, the level of SOD and GSH were elevated
while the level of MDA was reduced (P<0.05). Moreover,
sirtinol administration could reverse the inhibiting effect of
resveratrol on oxidative stress (P<0.05) (Fig. 6A-C).

Discussion

Resveratrol has been demonstrated to exhibit neuroprotective
effects in various animal models (17). In the present study,
pretreatment with resveratrol had an obviously neuroprotec-
tive effect in rats following TBI, as evidenced by reduced
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Figure 5. Resveratrol attenuated NLRP3 inflammasome signaling activa-
tionwvia enhanced expression of SIRT1. The cerebral cortex samples were
collected 24 h after TBI. (A and B) Western blot analysis of SIRT1 and
NLRP3. (€and D) The protein level of IL-18 and IL-18 measured by ELISA.
The values presented are mean + standard error mean (n=6 per group).
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Figure 6. Resveratrol pretreatment inhibited the extent of oxidative stress in
rats cerebral cortex after TBI via SIRT1. The cerebral cortex samples were
collected 24 h after TBI. The extent of oxidative stress was represented by
SOD activity (A), GSH level (B) and MDA level (C). The values presented
are mean =+ standard error mean (n=6 per group). 'P<0.05 as indicated. TBI,
traumatic brain injury; SOD, superoxide dismutase; GSH, glutathione; MDA,
malondialdehyde; SIRT1, sirtuin 1; RS, resveratrol.

serum NSE level and BWC level. Meanwhile, we demonstrated
for the first time resveratrol attenuated the inflammatory
response and relieved TBI by reducing ROS production and
suppressing NLRP3 activation. The effect of resveratrol on
NLRP3 inflammasome and ROS production might be SIRT1
dependent.



There are two stages involved in TBI, including immediate
brain damage and secondary injury. The immediate brain
damage results in direct neuronal loss and necrotic death,
which is followed by a series of injury cascades such as oxida-
tive stress, mitochondrial dysfunction and inflammation (18).
Of these injury cascades, inflammatory response accounts for
major reasons (19). It is reported that inflammatory responses
following various central nervous system injuries, is associated
with robust release of cytokines and activation of inflamma-
tory signals, which amplifies the injury (20).

The inflammasome is a multiprotein oligomer consisting of
an apoptosis associated speck like protein containing caspase
recruitment domain (ASC), a cysteine protease caspase-1 and
an NLR protein. Of all inflammasomes, the NLRP3 inflamma-
some is the most important member. NLRP3 inflammasome is a
component of the innate immune system which can promote the
maturation of pro-inflammatory cytokines IL-1p and IL-18, thus
initiating inflammatory responses (21). In fact, several studies
found that the assembly of NLRP3 inflammasome, the activa-
tion of caspase-1 and the release of IL-13 and IL-18 during TBI,
indicating NLRP3 was involved in TBI pathology (8,22,23). In
the present study, we also observed TBI induced the activation
of NLRP3 and its downstream molecule caspase-1. The expres-
sion of pro-inflammatory cytokines pro-IL-1f and pro-IL-18
and its maturation pattern IL-15 and IL-18 were also increased
in the cerebral cortex of TBI rats.

Literatures indicated that resveratrol had strong.meuro-
protective effects on central nervous system disorders. It
was shown that pretreatment with resveratrol could reduce
the infarction volume and improve the neurological score in
mouse after middle cerebral artery occlusiofi (24). Resveratrol
was also reported to attenuate TBI induced braift edema and
improved spatial cognitive function and neurological impair-
ment in rats (12,25,26). In our study, we used NSE; a specific
biomarker closely associatedvith the damage of neurons,
and BWC to represent the degree of brain injury. We found
that after TBI, the NSE and BWE were significantly elevated.
While pretreatment withyresveratrol could remarkably reduce
the elevated NSE and brain watercontent, as well as reduce
the activation of NLRP3, caspase-1 and the release of IL-1p
and IL-18. The abovementioned findings indicated that resve-
ratrol might exert a proteetive effect in TBI by suppressing the
NLRP3 inflammasome signaling.

Resveratrol is also known as a potent activator of SIRTI.
SIRT1 is a class IIT deacetylase which involved in multiple
physiological or pathological processes such as cell longevity,
reduction of oxidative stress, inflammation and metabo-
lism (27-29).1tis reported thatenhanced expression of SIRT1 had
aneuroprotection effect in central nervous system diseases (30).
Furthermore, studies had shown that SIRT1 was an endogenous
protective molecule in TBI (31), and SIRT1 could negatively
regulate NLRP3 in vascular endothelial cells (32). Li et al (32)
found that lacking of CD40 could abolishe the up-regulation of
NLRP3 expression in LPS-primed ECs and SIRT1 activation
could protect against inflammatory response via CD40 both
in vivo and in vitro which demonstrated the effect of SIRT1
on NLRP3 inflammasome was partly mediated by CD40. To
explore the underlying mechanisms of resveratrol regulating
NLRP3 inflammasome in TBI, we used the SIRT1 inhibitor,
sirtinol, in our experiment. The concentration of sirtinol we
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Figure 7. Graphical abstract of resveratrol attenuating inflammatory response
and relieving TBI by rediicing ROS production and inhibiting NLRP3 activa-
tion. The effect of re§veratrolon NLRP3 inflammasome and ROS was at
least partly SIRT1 dependent: NLRP3, NLR family pyrin domain containing
3; SIRT, sintuin 1; RS, teésveratrol; ROS, reactive oxygen species; IL, inter-
leukin; ASC; apoptosis associated speck like protein containing caspase
récruitment domain; TBI, traumatic brain injury.

usedrin our experiment was different from the concentration
of resveratrol. The concentration of sirtinol was used partly
according to previous article (15), and partly attributed to
its high potency. We found SIRT]1 level was increased in the
cerebral cortex after TBI, while pretreatment with resveratrol
resulted in a higher level of SIRT1. When co-administrated
with sirtinol, we observed downregulated level of SIRT1. The
blockade of SIRT1 activation by sirtinol was associated with
enhanced NLRP3 inflammaosme activation in TBI. These
results indicated the mechanism of resveratrol suppressing
NLRP3 inflammaosme was SIRT1 dependent.

Various exogenous and endogenous molecular patterns
can activate NLRP3 inflammasome. Of them, reactive oxygen
species (ROS) have been regarded as an important NLRP3
inflammasome activator in various diseases, such as cardiac
ischemia/reperfusion injury (33) and sepsis-induced acute
lung injury (34). Meanwhile, SIRT1 is an important oxidative
stress regulator (29). It is reported that TBI resulted in rapid
ROS production and oxidative damage to brain cellular
components leading to neuronal dysfunction and cell death (35).
ROS is constantly generated and eliminated in the biological
homoeostasis, which is controlled by endogenous antioxidant
system, including antioxidants such as GSH and SOD. SOD and
GSH are ROS scavengers and can eliminate the generated ROS
in vivo (36). MDA is a production of oxidative stress of lipid
peroxidation, and it is generated when polyunsaturated lipids
are oxidized by ROS. ROS production can be represented by
the level of SOD, GSH and MDA (37). To determine whether
resveratrol could affect the ROS level through SIRT1 in cerebral
cortex after TBI, we conducted further experiments. In the
present study, we found that after TBI, the level of SOD and
GSH were significantly reduced while the level of MDA was
remarkably increased, indicating plenty of ROS production.
When pretreatment with resveratrol, the level of SOD and GSH
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were elevated while the level of MDA was reduced, indicating
resveratrol could decrease the production of ROS. Moreover,
co-administrated with sirtinol remarkably reversed the effect of
resveratrol on SOD, GSH and MDA. These results indicated that
the effect of resveratrol on suppressing NLRP3 inflammasome
activation and attenuating the cerebral cortex injury after TBI
might be related to the reduced ROS production, and this effect
of resveratrol on NLRP3 inflammasome and ROS production
might be SIRT1 dependent (Fig. 7).

In conclusion, our data demonstrated that TBI could acti-
vate NLRP3 inflammasome, thus promoting the release of
proinflammatory cytokines, IL-1f and IL-18, and amplifying
brain injury. Resveratrol might attenuate the inflammatory
response and relieve TBI by reducing ROS production and
inhibiting NLRP3 activation, which prevented the over-release
of pro-inflammatory cytokines. The effect of resveratrol on
NLRP3 inflammasome and ROS production might be SIRT1
dependent. The present study enriched the anti-inflammatory
mechanisms of resveratrol and enhanced the therapeutic
potential of resveratrol for the intervention of TBI.
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