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Abstract

More than 50 million people are affected by traumatic brain injury (TBI) each year around the world, and nearly
half of the population worldwide will have one or more TBI(s) in their lifetime. And in 2017, more than 1.39 billion
people in China suffered from TBI, representing nearly 18% of the world population; these were mainly caused by
road traffic incidents. Salvianolic acid A is a compound obtained from Salvia miltiorrhiza Bunge, which is one of the
active components of many traditional Chinese medicines for the treatment of cardiovascular and cerebrovascular
disease, with the effect of inhibition of inflammatory response. ASC s a critical factor in the activation of inflamma-
tion response process via promoting the maturation of caspase- 1, and activation of NLPR3 under bacterial infection
promotes the necrosis of cells in an ASC-dependent manner. However, few studies focus on the effect of ASC in
a TBI model. In this study, we found that inhibition of ASC reduced the expression of inflammatory cytokines, and
the concentration of calcium and ROS, while it increased the expression of mitochondrial function-related proteins.
We further noticed that these effects were regulated by DLK2/MLK3/JNK signalling pathway and might contribute
to the treatment of TBI.
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Introduction Organization (WHO), TBI will be the leading cause of

Traumatic brain injury (TBI) is a kind of injury caused
by physical force that causes the brain to move within
the skull [33]. TBI is characterised by an alteration of
brain function or change in pathology [6]. The changes
of brain function are related to the severity of the type
of injury [37]. According to data from the World Health

brain injuries by 2020. TBI might be caused by acci-
dent, violence, blunt trauma, or other factors [38], and
it remains the leading cause of morbidity and mortal-
ity in the population under the age of 45 years [47].
The incidence of TBI has increased from 235 to 326 per
100,000 population per year in Europe [15], and from
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1.5 to 2 million people dead due to TBI in India each
year [11]. Inflammation was also seen in other diseas-
es caused by damage to the central nervous system
(CNS), such as spinal cord injury (SCI) and peripheral
nerve injury. Although the activation of inflammation
response is critical for the clearance of injured cells and
tissues, excessive inflammation activation after these
damages can lead to secondary damage. The activa-
tion of inflammation after SCI and peripheral nerve
injury is mainly characterised by activation of microg-
lia, production of cytokines, and infiltration of macro-
phages and neutrophils. Salvianolic acid A is extract-
ed from a traditional Chinese medicine named Salvia
miltiorrhiza, and presents a variety of pharmacological
functions including anti-inflammation, anti-oxidant,
and anti-platelet [56]. Apoptosis-associated speck-like
protein containing a caspase-recruiting domain (ASC)
was first identified in 1999 as a 22-kDa protein that
regulates the cellular aggregation during the apopto-
sis process [25]. Recently a study found that ASC could
interact with Bax, a pro-apoptosis molecule, and fur-
ther induce the apoptosis through the mitochondrial
pathway [50]. It was also shown that Bax binds with
the PYD domain of ASC and translocates Bax into
mitochondria with the carrier of ASC. Further studies
showed that ASC induces Bax-dependent apoptosis
via activation of caspase-8. The researchers found that
ASC binds with caspase-8 via NOD-like receptor NLRC4
[12,26]. However, the effect of ASC combined with sal-
vianolic acid A in the protection of neuronal cells after
TBI was not fully understood. And in this experiment
we established the ASC inhibition and overexpression
model in cells and mice, and further established the TBI
model in cells and mice. We found that inflammation
response was increased and mitochondrial function
was decreased after TBI with the increasing concentra-
tion of calcium and ROS, and inhibition of ASC1 would
inhibit these processes. And these effects are regulated
by DLK2/MLK3/JNK signalling pathway, and they might
contribute to the therapy of TBI.

Material and methods

Salvianolic acid A (SML0O045) was purchased from
Sigma. High glucose DMEM (10569010), Lipofect-
amine 3000 Transfection Reagent (1L3000150), fetal
bovine serum (FBS) (10099), G418 (10131027), and
puromycin (A1113803) were purchased from Ther-
mo Fisher. Total RNA Extraction kit (R1200), MTT
reagent (M8180), and TagMan One Step RT-qPCR Kit
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(T2210) were purchased from Solarbio. Quick Ligase
(M2200S), Hindlll (R3104S), and EcoRl (R3101S)
were purchased from NEB. Esp3| (ERO452) was pur-
chased from Thermo. Anti-Anti-NMNAT1 (ab45652,
30), PINK1 (ab23707, 66), MAVS (ab189303, 57),
N-methyl-D-aspartate receptor (NMDAR) (ab134308,
105), CaMKI (ab68234, 41), TRAF6 (ab227560, 58),
p-INK (ab239886, 48), INK (ab208035, 48), DLK2
(ab171037, 45), p-MKK4 (ab52958, 44), MKK4
(ab33912, 44), MLK3 (ab51068, 93), Hippocalcin
(ab24560, 23), SCG10 (ab115513, 21), and ASC
(ab155970) antibodies were purchased from Abcam.
NAD/NADH Assay (ab65348), Calcium Assay Kit
(ab102505), and Complex | Rodent Profiling ELISA
Kit (ab136809) were obtained from Abcam. ROS
detection kits (E004-1-1) were purchased from Nan-
jing Jiancheng Bioengineering Institute. Annexin
V-FITC/PI kit (CA1020) was purchased from Solarbio.

Construction of vector

The full-length ¢cDNA of ASC was synthesised
with the following primers: Forward: 5-GCCTGCA-
CTTTATAGACCAGC-3’, Reverse: 5’-GCTTCCGCATCTT-
GCTTGG-3'. Then the PCR product of ASC was inte-
grated into a pcDNA3.1 vector with enzymes of Hind!ll
and EcoRl. Then cells were transfected with pcDNA-
3.1-ASC overexpression vector using Lipofectamine
3000 reagent according to the protocol for 48 h, and
in order to screen stable expressed cells they were cul-
tured in 1000 pg/ml G418 medium. The knockdown
vector of ASC was obtained as described in a previous
study [42]. BsmBI was first used to digest the CRIS-
PR vector, and annealed oligos was produced by the
following primer: Forward: 5’-CACCGAAAGTAGACCG-
GAATCCTTG-3’, Reverse: 5’-AACCAAGGATTCCGGTC-
TACTTTC-5". Then annealed oligos and the CRISPR
vector was ligated using Quick Ligase, according to
the manufacture’s protocol, to obtain ASC knockdown
vector, and 2 pg/ml puromycin was used to screen the
stable ASC knockdown cells. The adenoviruses vector
was constructed according to a previous study [2].
After that, the vector was transfected to construct
recombinant adenoviruses in HEK293T cells and
injected into mice through the tail vein.

Cell culture and grouping

HEK293T cells (CRL-11268) and Rat hippocampus
cell line H19-7 cells (CRL-2526) were obtained from
ATCC and maintained under a 34° humid atmosphere
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in high glucose DMEM medium supplied with 10%
FBS. Then, cells were divided into 4 groups: a blank
group (NC), a salvianolic acid A group (ST), a salvi-
anolic acid A combined with ASC overexpression
group (S0), and a salvianolic acid A combined with
ASC knockdown group (SK). In the salvianolic acid A
treatment group, cells were treated with 25 pM
salvianolic acid A for 24 h before performing the fol-
lowing experiment, and traumatic brain injury mod-
els in H19-7 cells were established as in a previous
study [23]. Briefly, cells were seeded into a 6-well
plate and then scratched using a sterile plastic nee-
dle after being cultured for 24 h. Cells without treat-
ment were used as a control.

Ethical statement

Animal studies in this experiment were per-
formed according to the principles of the Declara-
tion of Helsinki and the National Institutes of Health
Guide for the Care and Use of Animals. Animal
experiments were performed in Shanxi Dayi Hospi-
tal and under the guide of Health Animal Care and
Use Committee of Shanxi Dayi hospital.

Mice treatment and grouping

Ten male C57/BL mice weight 22.5 +3.2 g were
purchased from the Laboratory Animal Centre of
Southern Medical University. Five ASC knockout and
5 ASC overexpression mice with C57/BL background
(20.2 £1.6 g, 10.8 weeks old) were purchased from
Cyagen (Suzhou, China). The mice were housed at
24°C in a humified atmosphere with a half-light/
half-dark cycle. The mice were divided into 4 groups:
a controlled cortical impact (CCl) group (CG), a CCl
combined with salvianolic acid A treatment group
(CA), a CCl combined with salvianolic acid A and
ASC overexpression treatment group (CO), and a CCl
combined with salvianolic acid A and ASC inhibition
treatment group (Cl) [36]. In the salvianolic acid A
group, the mice were first treated salvianolic acid A
at 20 mg/kg for 3 days through the tail vein.

Construction of controlled cortical
impact model

The model of controlled cortical impact was per-
formed as described in previous study [51]. Briefly,
ketamine (100 mg/kg)/Xylazine (10 mg/kg) was
used to anaesthetise the mice via intra-peritoneal
injection. Then a craniotomy was performed using
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a hand-held electrical drill (Dremel 10.8 V), and the
bone flap was removed. Then, a stereotaxic device
was used to restrain the mice, which were then sub-
jected to a 1.5-mm deep impact (velocity of 5 m/s)
through a computer-controlled impactor device (Lin-
Mot-Talk 1100) (impactor diameter of 2 mm). Serum
and brain samples of mice were stored at —80°C
until the following experiments were performed.

Morris water maze test

To evaluate the effect of salvianolic acid A on the
ameliorate brain function of mice, the Morris water
maze (MWM) test was performed. Mice were kept in
a circular tank of 122 cm diameter, which was divid-
ed into 4 quadrants. The temperature of water was
kept at around 20°C. A 10 cm? circular platform was
placed in the NE direction, and the trials were per-
formed for 5 days, with 4 trials on each day, starting
in the SE, S, NW, and W direction. The time spent on
reaching the escape platform was set as the escape
latency, and calculated on the 6t day. Distance trav-
eledinsametime was calculated as the distance mice
traqvelled in each quadrant when they swam for 60 s
after the removal of the escape platform, and the
number of crossed zones was counted. The results
were analysed with ANY-maze software (ANY-maze).

TTC staining

Brain tissues of mice model were firstly collect-
ed and stored for 30 min at —20°C and then cut
into 2-mm slices, followed by incubation with 2%
TTC staining buffer away from light for 30 min. The
images of samples were acquired after washing with
PBS buffer.

Flow cytometry

A 6-well plate was used to culture cells, and cells
were treated and grouped as described previously.
Trypsin was used to digest cells, and then cells were
incubated in binding buffer, followed by staining
with FITC at room temperature for 10 min and PI
at room temperature for 5 min. Cells with apopto-
sis characteristics were screened by flow cytometry
(FACSCalibur).

MTT assay

A 96-well plate was used to culture cells until
the confluence reached 70-80%, and cells were
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treated and grouped as previously described. After
treatment, cells were then cultured with MTT buffer
(5 mg/ml) at 37°C for 4 h. The OD value was detect-
ed at 490 nm using a GENESYS 10S spectrophotom-
eter (Thermo).

Extraction of cellular RNA

Cells were first cultured in a 100-mm plate until
the confluence reached 70-80%, and then cells were
grouped as previously described. Then, lysis buffer
was used to lyse cells and brain tissues, which were
incubated at room temperature for 5 min, followed
by incubation in chloroform at room temperature for
5 min. The water phase was removed into an adsorp-
tion column, and RNA samples were eluted with
elution buffer after washing with buffer. A Nano-
Drop 3300 (Thermo) was used to detect the concen-
tration of RNA samples.

Quantitative polymerase chain reaction
(gPCR)

Quantitative polymerase chain reaction was
performed following the instruction of manufac-
ture’s protocol of TagMan One Step RT-gPCR Kit.
The reaction was carried out with these steps: 50°C
for 20 min for reverse transcription, 95°C for 3 min
for degeneration; then these steps were repeated for
45 cycles: 95°C for 15 s for degeneration, 58°C for
20 s for annealing, and 72°C for 40 s for extension.
The primers were as follows:

TNF-a. (tumour necrosis factor a):
5’-CGGGACGTGGAGCTGGCCGAGGAG-3’(Forward),
5’-CACCAGCTGGTTATCTCTCAGCTC-3’ (Reverse);

IL-6 (interleukin 6):
5’-TTCCAATGCTCTCCTAACAG-3’(Forward),
5’-CTAGGTTTGCCGAGTAGATC-3’ (Reverse);

IFN-B (interferon B):
5’-CCACTGGCAGAAGGAACATCTGGA-3’(Forward),
5’-CTGCTTGGACTATTGTCCAGGCAC-3’ (Reverse);

IL-1B (interleukin 1pB):
5’-ACCTGTGTCTTTCCCGTGG-3’(Forward),
5'-TCATCTCGGAGCCTGTAGTG-3’ (Reverse);

TLR2 (Toll-like receptor 2):
5’-CTGAGAATGATGTGGGCGT-3’(Forward),
5’-CTTGGTGTTCATTATCTTGCG-3’ (Reverse);

TLR4 (Toll-like receptor 2):
5’-TCACCTGATACTTATTGCTGG-3’(Forward),
5-AGTTGCCGTTTCTTGTTCT-3’ (Reverse).
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The 2-AACq method was used to calculate the
expression of each target gene [21]. An internal
control was measured by GAPDH.

Detection of each target protein using
western blotting analysis

Brain tissues and cells were lysed using RIPA lysis
buffer (RO010, Solarbio), and supernatant was collect-
ed after being centrifuged for 10 min (4°C) at 12,000
rpm. The concentration of proteins in each group was
calculated by BCA assay. Then, protein samples were
separated by 10% SDS-PAGE and then transferred
onto PVDF membranes. Membranes were blocked
with 5% skimmed-milk for 1 h at room tempera-
ture, followed by incubation with primary antibodies
(1 : 1000) and secondary antibody (1 : 5000). The
expression of proteins was detected using chemilu-
minescent immunoassay. Each target protein was
normalised with GAPDH.

Enzyme-linked immunosorbent assay
(ELISA)

100-pl serum samples and standard liquid were
added into a 96-well plate and incubated for 4 h at
37°C. Samples were reacted with streptavidin-HRP
solution for 30 min at room temperature. After incu-
bation with TMB solution and stop buffer, the OD
value at 450 nm was detected using a GENESYS 10S
spectrophotometer (Thermo).

Detection of NAD/NADH, ROS/RNS,
calcium concentration

Cells and tissue samples were prepared according
to the protocol. The extracted samples were incubat-
ed at 60°C for 30 min and then cooled on ice. Stan-
dard concentration samples supplied in the kits and
samples were prepared as recommended, and 100-pl
samples were added into a 96-well plate and incubat-
ed for 5 min. Then NADH Developer was added and
incubated for 4 h, and after incubation with stop buf-
fer, the OD value was detected using a GENESYS 10S
spectrophotometer (450 nm).

Statistical analysis

The present data were presented as mean + SD,
and the experiment was independently repeated
3 times. Differences between groups were detected
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using one-way ANOVA analysis. P < 0.05 was regard-
ed as a significant difference.

Results

Detection of proliferation ability of
cells under salvianolic acid A treatment

The proliferation rate in the NC, ST, SK, and SO
groups were 83.4 +6.3,99.1 +8.1, 125.2 +10.3, and 80.2
+6.0, respectively (Fig. 1A). The proliferation rate was
significantly increased after salvianolic acid A treatment
(p < 0.05), and overexpression of ASC could enlarge this
effect while knockdown of ASC would reduce this effect.
The expression of ASC in brain tissues of mice and H19-7

cells was detected (Fig. 1B and C). Expression of ASC
in the overexpression group was increased, and it was
decreased in the ASC knockdown group compared with
the NC group. These results indicate that the experiment
models were successfully established.

The effect of tanshinone IIA
on the brain function of mice

The average escape latencies of mice were as
follows: 78.1 £7.2, 70.3 16.6, 62.2 +5.3, 51.7 +4.9,
and 46.8 4.3 in the NC group; 72.0 6.6, 65.4
+6.1, 59.3 5.7, 48.4 £5.3, and 42.0 £4.2 in the ST
group; 63.1 6.2, 58.2 £5.5, 51.0 +4.9, 40.3 4.1,
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Fig. 1. Viability rate of H19-7 cells in each group and expression of ASC in H19-7 cells and brain tissues.
A) Viability rate of H19-7 cells. B) Expression of ASC in H19-7 cells. C) Expression of ASC in brain tissues.
Data presented as mean + SD. Each experiment was repeated 3 times independently. GAPDH was used as
an internal control. p < 0.05 was set as a statistical difference; *p < 0.05 compared with NC or CA group;
#p < 0.05 compared with ST or CG group.
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Fig. 2. Behaviour tests in mouse model and detection

of apoptotic cells. A) Average escape latency of mice

in each group. B) Average number of platforms crossed by mice in each group. C) Time spent in target quad-
rant of mice in each group. D) Detection of apoptotic cells in cell model using flow cytometry. E) TTC stain-
ing of brain tissues of mice in each group. Data presented as mean + SD. Each experiment was repeated
3 times independently. p < 0.05 was set as a statistical difference; *p < 0.05 compared with NC or CA group;

#p < 0.05 compared with ST or CG group.

and 33.1 £3.6 in the SK group; and 78.5 +7.7, 72.0
6.8, 67.5 +6.1, 58.6 +5.4, and 52.3 %5.1 in the
SO group in a continuous 5-day period (Fig. 2A).
The average number of platforms crossed was 1.9
+0.2, 2.6 £0.4, 4.5 0.7, and 2.3 +0.4 (Fig. 2B). The
time spent in the target quadrant was 16.2 1.6,
19.3 2.2, 27.4 £3.1, and 17.3 £2.1 s (Fig. 2C). These
results show that brain function was significant-
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ly increased after treatment with salvianolic acid
A combined with inhibition of SAC. The apoptotic cells
in the NG, ST, SK, and SO groups were 49.2 +4.3, 28.5
+2.9, 16.3 £2.0, and 40.4 +3.6, respectively (Fig. 2D).
The area of infraction was detected using TCC stain-
ing (Fig. 2E). These results show that salvianolic acid A
with inhibition of SAC reduced apoptosis of cells
after TBI.
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Expression of inflammatory-related
genes in H19-7 cells and brain tissues

The expression levels of TNF-a in the NC, ST, SK,
and SO groups were 1.32 +0.15, 1.06 +0.10, 0.83 +0.07,
and 1.29 +0.14, respectively. The expression levels of
IL-6 were 1.22 +0.08, 0.94 +0.07, 0.70 +0.05, and 1.09
+0.08, respectively. The expression levels of IFN- were
1.09 +0.08, 0.90 +0.06, 0.62 +0.04 and 1.18 +0.09,
respectively. The expression levels of IL-1 were 1.56
+0.16, 1.21 £0.09, 0.82 +0.07, and 1.35 +0.12, respec-
tively. The expression levels of TLR2 were 1.35 +0.10,
1.10 +0.08, 0.81 +0.06, and 1.30 +0.09, respectively.
The expression levels of TLR4 were 1.40 +0.14, 1.15
+0.10, 0.81 +0.07, and 1.46 +0.13, respectively (Fig. 3).
The expression levels of TNF-a in the CG, CA, Cl, and
CO groups were 1.62 +0.18, 1.36 +0.15, 1.13 +0.11,
and 1.47 +0.15, respectively. The expression levels of
IL-6 were 1.52 +0.16, 1.24 +0.14, 1.02 +0.09, and 1.36
+0.12, respectively. The expression levels of IFN-B were
1.61 +0.14, 1.30 +0.11, 1.05 +0.08, and 1.41 +0.13,
respectively. The expression levels of IL-1B were 1.88
+0.17, 1.32 +0.14, 1.00 +0.08, and 1.49 +0.15, respec-
tively. The expression levels of TLR2 were 1.52 +0.13,
1.27 +0.11, 1.03 £0.09, and 1.42 +0.12, respectively.
The expression levels of TLR4 were 1.62 +0.17, 1.38

+0.14, 1.07 £0.09, and 1.67 +0.19, respectively (Fig. 4).
These results show that salvianolic acid A decreased
the expression of inflammatory-related cytokines at
the transcription level, and inhibition of ASC would
enlarge these effects, while overexpression of ASC
might reduce the effects of salvianolic acid A.

Expression of mitochondrial
function-related proteins

The NMNAT1 expression in the H19-7 cells of
the NC, ST, SK, and SO groups were 0.27 +0.02,
0.72 +0.06, 1.17 +0.10, and 0.76 +0.06, respectively.
NMNAT1 expression was increased in all treatment
groups compared with the NC group (p < 0.05), and it
was increased in the SK group compared with the ST
group (p < 0.05). NMDAR expression was 1.84 +0.15,
0.97 +0.08, 0.70 +0.06, and 1.10 +0.09, respectively.
NMDAR expression was decreased in all treatment
groups compared with the NC group (p < 0.05), and
it was decreased in the SK group compared with the
ST group (p < 0.05). The PINK1 expression was 1.80
+0.15, 1.45 £0.12, 0.96 +£0.08, and 1.26 +0.10, respec-
tively. Changes in PINK1 expression were similar to
the changes in NMDAR expression. MAVS expression
was 1.76 0.15, 0.86 +0.07, 0.37 +0.03, and 0.58
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Fig. 3. Expression of inflammatory-related genes in H19-7 cells. A) Expression of TNF-a in each group of
H19-7 cells. B) Expression of IFN-f in each group of H19-7 cells. C) Expression of IL-1p in each group of H19-7
cells. D) Expression of IL-6 in each group of H19-7 cells. E) Expression of TLR2 in each group of H19-7 cells.
F) Expression of TLR4 in each group of H19-7 cells. Data presented as mean + SD. Each experiment was
repeated 3 times independently. GAPDH was used as an internal control. p < 0.05 was set as a statistical
difference; *p < 0.05 compared with NC group; #p < 0.05 compared with ST group.
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+0.05, respectively. MAVS expression was decreased
in all treatment groups compared with the NC group
(p < 0.05), and it was decreased in the SK and SO
groups compared with the ST group (p < 0.05). TRAF6
expression was 1.72 +0.14, 0.98 +0.08, 0.31 +0.026,
and 1.03 +0.09, respectively. Changes in TRAF6
expression were similar to the changes in PINK1
and NMDAR. CaMKI expression was 1.62 +0.14,
1.55 +0.13, 1.22 +0.10, and 2.00 +0.17, respectively
(Fig. 5). NMNAT1 expression in the CG, CA, Cl, and CO
groups was 0.38 +0.03, 0.87 +0.07, 0.88 +0.07, and
0.65 +0.05, respectively. NMDAR expression was 0.88
+0.07, 0.88 +0.07, 0.80 +0.07, and 1.18 %0.10, respec-
tively. PINK1 expression was 1.16 +0.10, 1.31 +0.11,
0.94 +0.08, and 1.36 +0.11, respectively. MAVS expres-
sion was 0.63 +0.05, 0.64 +0.05, 0.67 +0.06, and 1.23
+0.10, respectively. TRAF6 expression was 0.69 +0.06,
0.79 +0.07, 0.49 +0.04, and 1.17 +0.10, respectively.
CaMKI expression was 0.90 +0.08, 0.98 +0.08, 0.76
+0.06, and 1.15 +0.10, respectively (Fig. 6).

Activation of JNK/MLK3 signalling
pathway

DLK2 expression in H19-7 cells of the NC, ST, SK,
and SO groups was 0.74 +0.06, 0.86 +0.07, 0.43 +0.04,
and 0.80 +0.07, respectively. The ratio of p-MKK4/
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MKK4 was 0.37 +0.03, 0.81 +0.07, 0.85 +0.07, and 0.81
+0.07, respectively. MLK3 expression was 0.67 +0.06,
0.66 +0.05, 0.06 +0.01, and 0.70 0.06, respectively.
The ratio of p-JNK/JNK was 2.03 +0.17, 1.47 +0.12,
0.60 £0.05, and 1.42 +0.12, respectively. Hippocalcin
expression was 0.26 +0.02, 0.30 +0.03, 0.57 +0.05,
and 0.45 +0.04, respectively. SCG10 expression was
0.40 +0.03, 0.77 +0.06, 0.83 +0.07, and 0.41 +0.03,
respectively (Fig. 7). DLK2 expression in the CG, CA, Cl,
and CO groups was 0.70 £0.06, 0.71 +0.06, 0.63 +0.05,
and 1.12 +0.09, respectively. The ratio of p-MKK4/
MKK4 was 0.44 +0.04, 0.63 +0.05, 0.71 +0.06, and 0.46
+0.04, respectively. MLK3 expression was 1.51 +0.13,
1.14 +0.09, 0.88 +0.07, and 1.41 +0.12, respectively.
The ratio of p-JNK/INK was 1.23 +0.10, 1.17 £0.10, 0.58
+0.05, and 1.16 +0.10, respectively. The hippocalcin
expression was 0.47 +0.04, 0.71 +0.06, 0.88 +0.07, and
0.87 +0.07. SCG10 expression was 0.60 +0.05, 0.98
+0.08, 1.11 +0.09, and 0.73 +0.06, respectively (Fig. 8).

Detection of cellular calcium
concentration, complex I, cellular ROS,
and the ratio of NAD/NADH in H19-7
cells and brain tissues

The concentration of NADH in the NC, ST, SK, and SO
groups of H19-7 cells was 52.3 £12.2, 86.1 +17.1, 145.5
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Fig. 5. Expression of mitochondrial function-related proteins in H19-7 cells. A) Expression of NMNATI,
NMDAR, PINK1, MAVS, TRAF6, and CaMKI in each group of H19-7 cells. B) Quantitative analysis of each
target protein. Data presented as mean + SD. Each experiment was repeated 3 times independently. GAPDH
was used as an internal control. p < 0.05 was set as a statistical difference; *p < 0.05 compared with NC

group; #p < 0.05 compared with ST group.

+20.4,and 84.0+17.2 nM, and the concentration of NADH
in the CG, CA, Cl, and CO groups was 90.2 +17.3, 135.1
121.6,194.2+26.5,and 120.4 +18.4 nM, respectively. The
concentration of NADH was increased in the ST and SK
groups compared with the NC group (p < 0.05), and it was
increased in the SK group compared with the ST group
(p < 0.05). The concentration of calcium was 19.3
$3.1, 14.2 2.2, 8.1 +1.1, and 14.3 +2.3 mM, respec-
tively, and the concentration of calcium in the CG,
CA, Cl, and CO groups was 23.2 +4.6, 17.6 +2.2,
11.7 1.1, and 16.8 +2.9 mM, respectively (Fig. 9).
The changes in concentration of calcium in each group
presented a similar trend as changes in NADH. The
concentration of complex | in each group of H19-7
cells was 294.5 +27.6, 260.1 +23.1, 196.3 %17.2,
and 250.6 +19.4 ug/ml, respectively, and the con-
centration of complex | was significantly decreased
in the SK group compared with the NC group and
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ST group (p < 0.05). The concentration of complex |
in the CG, CA, Cl, and CO groups was 398.5 +28.1, 320.6
+25.2, 280.1 +20.4, and 304.7 +22.9 ug/ml, respective-
ly, and the concentration of complex | was decreased
in the SK group compared with the NC and ST group
(p < 0.05). The relative intensity of ROS in the NC, ST, SK,
and SO groups of H19-7 cells was 1.00 £0.09, 1.33 +0.13,
1.72 +0.16, and 1.20 £0.11, respectively, and the relative
intensity of ROS in the CG, CA, Cl, and CO groups was 1.00
+0.09,1.3240.14,1.75+0.17,and 1.18 +0.10, respectively.
The relative intensity of ROS was significantly increased
in the ST and SK groups compared with the NC group
(p < 0.05), and it was significantly increased in the SK
group compared with the ST group (p < 0.05).

Discussion

Traumatic brain injury affects more than 2.8 mil-
lion people every year [41]. TBI is a unique from of
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Fig. 6. Expression of mitochondrial function-related proteins in brain tissues. A) Expression of NMNAT1,
NMDAR, PINK1, MAVS, TRAF6, and CaMKI in each group of brain tissues. B) Quantitative analysis of each
target protein. Data presented as mean + SD. Each experiment was repeated 3 times independently. GAPDH
was used as an internal control. p < 0.05 was set as a statistical difference; *p < 0.05 compared with CA

group; #p < 0.05 compared with CG group.

neurological affliction, which is caused by a biome-
chanical event, followed by a secondary injury caused
by diverse positive-feedback cascades including
neuro-inflammation, cellular apoptosis, blood-brain
barrier (BBB) disruption, and mitochondrial dysfunc-
tion, which exacerbates the dysfunction of neuron
cells and loss of tissue [48]. ASC is firstly regarded as
the silencing gene related to methylation in cancer
cells [8]. ASC is located in the nucleus under normal
conditions but translocates into cytoplasm in activa-
tion conditions [30]. ASC was regarded as an inflam-
masome adaptor that performed a pro-inflammation
function [27]. A recent study noticed that ASC might
induce inflammation and cancer invasion and metas-
tasis [29]. Multiple pro-inflammatory cytokines exist
in the CNS, and they are mainly under the regulation
of IL-1B and TNF-a. Briefly, TNF-a activates NLRP3
and further activates caspase-1, leading to the con-
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version of pro-IL-1f into IL-1B, further inducing the
activation of TNF-a.[22]. A previous study also found
that TNF-a is the central regulator of the inflamma-
tory regulation system, and a number of biological
drugs aimed at TNF-a and IL-1f could both induce
the expression and secretion of IL-6 [43]. These
cytokines participate in multiple important cellular
activities and were secreted into circulation, and
thus these cytokines were regarded as a biological
marker for inflammatory reaction. Also, TNF-a, IL-1p,
and IL-6 present multiple functions in the CNS; these
cytokines could regulate the systemic host respons-
es induced by inflammation caused by disease or
local alterations, as well as the clinical application
of IFN-B in the reduction of clinical progression and
inflammatory lesions [49]. Researchers have focused
on the application and clinical efficacy of IFN-B, but
the pharmacodynamic usage of IFN-B remains poor-
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Fig. 7. Activation of DLK2/MLK3/JNK signalling pathway in H19-7 cells. A) Expression of DLK2, p-MKK4,
MKK4, MLK3, p-JNK, JNK, hippocalcin, and SCG10 in each group of H19-7 cells. B) Quantitative analysis of
each target protein. Data presented as mean + SD. Each experiment was repeated 3 times independently.
GAPDH was used as an internal control. p < 0.05 was set as a statistical difference; *p < 0.05 compared with

NC group, #p < 0.05 compared with ST group.

ly understood. A recent study demonstrates the
anti-inflammatory effect of IFN-f in astrocytes, so
treatment of IFN-B would result in the activation
of anti-inflammatory genes at the transcriptional
level; besides, IFN-B treatment could also decrease
the permeability of the BBB, and deletion of IFN-B
in astrocytes facilitates the translation of viruses
into CNS [9]. Toll-like receptors could stimulate the
secretion of cytokines and antiviral interferons in
immune cells and endothelial cells. Previous studies
using PCR arrays found that among all members of
TLRs, TLR2 and TLR4 are increased in brain tissue
24 h after TBI, and the expressions of these genes
were increased to a peak at 7 d and began to decline
at 14 d [14]. TLR2 and TLR4 in the CNS were main-
ly secreted by macrophages/microglia. in another
study, TLR4-positive cells were located at the same
site as neural stem cells (NSCs), and TLR4 expression
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was increased, peaking 3 days after injury [54], indi-
cating that TLR4 was associated with the process
of neurogenesis. Previous studies indicated that
TLR2 and TLR4 are closely related to inflammatory
response in brain tissue at the injured site, and they
are related to the pathological processes of second-
ary injury following TBI. Here, we noticed that salvi-
anolic acid A treatment decreased the expression of
these cytokines at transcription levels, resulting in
inhibition of inflammation response induced by TBI,
further reducing the secondary injury induced by
inflammation after TBI. We also noticed that reduc-
tion in ASC expression enhanced the role of salvian-
olic acid A throughout the treatment process of TBI.

Mitochondria are critical for maintaining the
energy supply for neuronal cell survival. A previous
study also found that dysfunction of mitochondria
is a distinctive characteristic of TBI. Dysfunction of
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Fig. 8. Activation of DLK2/MLK3/JNK signalling pathway in brain tissues. A) Expression of DLK2, p-MKK4,
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each target protein. Data presented as mean + SD. Each experiment was repeated 3 times independently.
GAPDH was used as an internal control. p < 0.05 was set as a statistical difference; *p < 0.05 compared with

CA group; #p < 0.05 compared with CG group.

mitochondria reduce the function of the respirato-
ry chain and the reserve of energy supply, with an
increase in free radical production and mitochondrial
calcium accumulation [55]. Alteration of the expres-
sion of proteins related to mitochondria reflected
the alteration in mitochondria function after TIBI.
Using a mouse model, a recent study found that
non-nuclear localised NMNAT1 reduced the number
of strokes after hypoxic ischaemic insult [32]. A pre-
vious study found that overexpression of NMNAT1 in
cultured dorsal root ganglia (DRG) cells could delay
the degeneration of cells after axotomy [44], and
this effect was also observed in cultured DRG cells
after exposure to vincristine. Besides, PTEN-induced
putative kinase 1 (PINK1) exists in cytosol and also
targets the outer mitochondrial membrane. PINK1
is a unique molecule for maintaining mitochondria
function. In normal status, PINK1 is constitutively
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imported through translocases of the outer (TOM)
complex, via interaction with the surface receptors
and combined with TOM40 [18]. A previous study
found that deletion of PINK1 increased the oxidative
stress level in mitochondria, and binding of PINK1
and Parkin would tag the damaged mitochondria via
the ubiquitin pathway [10]. The phagocytosis pro-
cess could also be impaired by depletion of PINK1,
leading to enlarged lysosomal vacuoles. Spermidine
could also induce the formation of mitophagosomes
and decrease the aggregation of dysfunction mito-
chondria via the PINK1/Parkin pathway [35]. Another
important protein related to mitochondrial function
is MAVS. MAVS was discovered in 2005, localised on
the outer membrane of mitochondria and consisting
of an N-terminal CARD domain, a proline-rich region
(PRR), and a C-terminal transmembrane domain
(TM). Without the TM domain, MAVS would lose the
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ability of mitochondria localisation and the ability to
activate the antivirus signalling pathway as well as
the function of homodimerisation and self-associa-
tion [3]. The function of MAVS could be promoted
by mitochondrial reactive oxygen species (mtROS),
resulting in the increased expression of type | inter-
feron, independent of RGI-I receptors, indicating that
MAVS is critical for regulation of the mtROS level [4].
NLRP3 could activate the expression of IL-1B upon
various infections and damage in multiple tissues.
A previous study found that MAVS could increase
the accumulation of NLRP3 in mitochondria, leading
to the activation of NLRP3 inflammasome and secre-
tion of IL-1B [52]. N-methyl-D-aspartate receptor is
a ligand of glutamate and is primarily expressed in
the human brain. NMDAR is mostly unique for its
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ability to release glutamate and for the de-polar-
isation of membrane, leading to the alleviation of
the Mg?* block [58]. Activation of NMDAR induces
an increase in cytosolic intracellular calcium, as well
as in the excitotoxicity process, further leading to
the occurrence of neurodegeneration [24]. Cellular
concentration of calcium is regulated by multiple
mechanisms, among these the CaMK family con-
sists of 4 members: CAMKI, PNCK, CAMK1G, and
CAMK1D, of which CaMKI is highly expressed in the
brain. A recent study found that growth of axon and
dendrite is regulated by the concentration of calci-
um; blockage of CaMKI activity by KN-62 or KN-63
directly reduces the growth of axon and dendrite
[46]. A previous study in vivo examined knockdown
expression of CaMKI in utero and found that callosal
axons originating from layers II/1ll of the somatosen-
sory cortex did not extend beyond the white mat-
ter layer [39]. There was also a study which found
that pharmacological inhibition or knockdown of
CaMKI blocks the process of axon elongation, and
this effect could be reversed by expression of con-
stitutively active CaMKI [1]. TRAF6 was first found in
1996, and is widely expressed in brain, lung, skele-
tal muscle, and kidney, and mediates the expression
of IL-1 signalling pathway. Although the function of
TRAF6 in CNS is not clear, multiple studies found that
TRAF6 is critical for the development and apoptosis
of CNS. The expression is increased after 7 days of
TBI, and TRAF6 could directly integrate caspase-8 in
the death domain, activating the apoptosis process
[5]. Also, activation of AKT is related with cell death
after TBI, and activation of AKT must be mediated
by translocation from cytomembrane from cyto-
plasm, followed by phosphorylation through interac-
tion with growth factor existing on the cell surface.
This process could be facilitated by TRAF6, and once
TRAF6 is absent, the process is damaged. Besides,
TRAF6 also regulates the activation of downstream
molecules such as mitogen-activated protein kinase
(MAPK), c-Jun N-terminal kinase (JINK), and p38
pathways [20]. Here, we noticed that the expres-
sion which protects the function of mitochondria
was up-regulated, besides, we also noticed that the
expression of pro-apoptosis proteins were reduced
after treatment of salvianolic acid A combined with
ASC inhibition, and these effects were both found in
cellular and animal models.

N-terminal kinase was first found in the 1990s
as a microtubule-associated protein kinase. JNK is
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activated by multiple extracellular stimuli, includ-
ing cytokines, reactive oxygen species (ROS), and
heat shock, and it regulates a variety of biolog-
ical processes [7]. Activation of JNK is regulated
by many upstream molecules, including MAP3Ks,
MLKs (mixed lineage kinases), and MAPKKK (mito-
gen-activated protein kinase kinase kinase). JNK is
regulated by multiple factors. Dual leucine zipper
kinase 2 (DLK2) is a MAPK kinase, which regulates
synaptic development. A previous study found that
in a sciatic nerve transection model of mice, a lack
of DLK significantly delayed the degeneration of
axons compared to normal animals via regulation of
downstream JNK signalling pathway [31]. Inhibition
of INK signalling pathway also delays axon fragmen-
tation caused by chemotherapy; this result indicates
that loss of DLK expression is axoprotective, and this
effect is due to functional redundancy with related
kinases of the MAPKKK family, MEKK4 and MLK3,
which promotes the degeneration of axon [53].
Mitogen-activated protein kinase kinase 4 (MKK4)
was first identified in Xenopus laevis embryos, and
expression of MKK4 is exclusively high in CNS [19].
Deficiency of MKK4 in the embryo leads to anaemia
and abnormal hepatogenesis, and deletion of MKK4
in the murine nervous system leads to the irregular
alignment of Purkinje cells and delays the migration
during brain development [45]; also, the develop-
ment of mutant mice CNS is delayed a few days later
compared with control animals, and presents with
neurological disorder and death around P20, but pre-
vents pathological cardiac hypertrophy through the
reduction in activation of JNK signalling pathway via
reduction of phosphorylation of JNK [16]. However,
in this experiment, we noticed that the expression of
MKK4 was not significantly changed in cells and ani-
mals after inhibition or overexpression of ASC; thus,
we thought that MKK4 was not a mainly target of
ASC in promoting the treatment effect of salvianolic
acid A on TBI. Mixed lineage kinases (MLKs) are reg-
ulators of the JNK signalling pathway. MLK member
MLK3 directly activates the JNK signalling pathway
via phosphorylates in vitro, and a recent study found
that overexpression of MLK3 in neuronal cells induc-
es the apoptosis process, which is mediated by JNK
signalling pathway [13]. Hippocalcin is a sensor pro-
tein that is sensitive to the concentration of cellular
calcium concentration, and it is translocated to lipid
membranes with increased concentration of Ca?*.
Using a mouse model, a previous study found that
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deletion of hippocalcin leads to the loss of memory
[17]. Hippocalcin also protects the neuro cells from
the apoptosis induced by Ca?* via interaction with
neuronal apoptosis inhibitory protein (NAIP), and
MLK3 could bind with hippocalcin in the C-terminal
region, followed by activation of MLK3 via inhibition
of the autoinhibition function of MLK3 [57]. SCG10
is the substrate of the JNK signalling pathway, and
JNK also phosphorylates SCG10 at serines 62 and 73,
decreasing the binding of SCG10 and tubulin, and
thereby regulating the axonal microtubule dynamic
instability via binding with tubulin [40]. In cultured
cortical neurons, a high-level of SCG10 expression
is observed while developing cells and a decreased
level after synapse formation, and the expression
of SCG10 is highly up-regulated with axon regener-
ation after injury [34]. There is also study showing
that SCG10 expression is up-regulated during axo-
nal regeneration in peripheral nervous system and
CNS, while it is decreased after target re-innervation
[28]. In this study, we found that pro-inflammatory
cytokine expression was up-regulated after TBI, with
a decrease in mitochondrial function-related mole-
cule expression. Also, the concentration of calcium
and ROS is increased after TBI. We further noticed
that salvianolic acid A treatment alleviates the injury
caused by TBI, and inhibition of ASC enhances the
effect of salvianolic acid A, while overexpression
of ASC reduces this effect. Meanwhile, we further
found that these effects might be mediated by DLK2/
MLK3/JNK signalling pathway; thus, we thought that
inhibition of ASC might be a treatment target for TBI.
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