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Background: Curcumin, a polyphenolic compound extracted from the plant turmeric, has protective effects on
spinal cord injury (SCI) through attenuation of inflammatory response. This study was designed to detect
whether curcumin modulates toll-like receptor 4 (TLR4) and the nuclear factor-kappa B (NF-xB) inflammatory
signaling pathway in the injured rat spinal cord following SCI.

Methods: Adult male Sprague-Dawley rats were subjected to laminectomy at T8-T9 and compression with a
vascular clip. There were three groups: (a) sham group; (b) SCI group; and (g) SCI + curcumin group. We
measured TLR4 gene and protein expression by real-time polymerase chain reaction and western blot
analysis; NF-xB activity by electrophoretic mobility shift assay, inflammatory cytokines tumor necrosis
factor-a, interleukin-1p, and interleukin-6 levels by enzyme-linked immunosorbent assay, hindlimb locomotion
function by Basso, Beattie, and Bresnahan rating, spinal cord edema by wet/dry weight method, and
apoptosis by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) analysis.
Results: The results showed that SCI induced the up-regulation of TLR4, NF-xB, and inflammatory cytokines in
the injured rat spinal cord. Treatment with curcumin following SCI markedly down-regulated the levels of these
agents related to the TLR4 /NF-kB inflammatory signaling pathway. Administration of curcumin also significantly
ameliorated SCI induced hind limb locomotion deficits, spinal cord edema, and apoptosis.

Conclusions: Post-SCI curcumin administration attenuates the TLR4/NF-kB inflammatory signaling pathway in
the injured spinal cord, and this may be a mechanism whereby curcumin improves the outcome following SCI.
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drosophila.® Activation of the TLRs can initiate innate
immune defense. Ten mammalian TLRs have been

Introduction
Traumatic spinal cord injury (SCI) is a serious clinical

problem connected with high morbidity and mortality
throughout the world. SCI remains a prevalent and per-
sistent clinical challenge due to unknown pathogenesis."
A variety of pathomechanisms have been proposed for
the development of secondary injury following SCI.
However, it is accepted that spinal inflammation may
be a critical pathway after SCIL.>

Toll-like receptors (TLRs) are an ancient family of
transmembrane  receptors  first  discovered in
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found by sequence analysis.* Among them, toll-like
receptor 4 (TLR4) plays an important role in the recog-
nition of endogenous agonists, such as the degradation
products of macromolecules, heat shock protein, pro-
ducts of proteolytic cascades, intracellular components
of ruptured cells, and products of genes that are acti-
vated by inflammation.* There is accumulating evidence
for the important role of TLR4 in initiating the spinal
inflammation related to amyotrophic lateral sclerosis,’
ischemia reperfusion injury,’ neuropathic pain,” and
trauma.® Activation of TLRs initiates signal transduc-
tion cascade that culminates in the activation of
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nuclear factor-kappa B (NF-kB) transcription factor
and the mitogen-activated protein kinases (MAPKs).
As one of the most important downstream molecules in
the TLRs signaling pathway, NF-xB is a transcriptional
factor required for the expression of many inflammatory
cytokines including tumor necrosis factor-a (TNF-a),
interleukin-1p (IL-1p), and interleukin-6 (IL-6).°

Curcumin is an active component of the rhizome,
Curcuma longa. Tt has been reported that curcumin
has various clinical and experimental beneficial effects.
Curcumin exerts neuroprotective functions such as
anti-oxidation, anti-inflammation, anti-cancer, anti-
apoptosis, and immunomodulatory in animal models
of ischemia, hemorrhage, and traumatic brain injury
as well as SCI through crosstalk with multiple genes
and cell-signaling pathways at multiple levels.' ! In
spite of the above facts, little is known about the anti-
inflammatory mechanism of curcumin in spinal cord
tissues after SCI. It has been demonstrated that curcu-
min inhibited the expression of NF-kB and the release
of inflammatory cytokines.'* A recent investigation
also reported the activation of TLR4 which contribute
to the progression of inflammation following SCI.'
The purpose of this research was therefore to investigate
the influence of curcumin administration in modulating
spinal cord expressions of TLR4 and NF-«B inflamma-
tory signaling pathway, and to determine the outcomes
in terms of locomotion recovery, spinal cord edema,
and number of apoptotic cells in a rat SCI model.

Materials and methods

Rats model of SCI

The protocols of animal use and care conformed to
Guide for the Care and Use of Laboratory Animals
from the National Institutes of Health, and were
approved by the Animal Care and Use Committee of
Nanjing University. Male Sprague-Dawley rats
(250-300 g) were purchased from Animal Center of
Chinese Academy of Sciences, Shanghai, China. The
rats were housed under temperature-controlled con-
ditions with a 12-hour light/dark cycle and ad libitum
access to water and food.

Following intraperitoneal anesthesia with sodium
pentobarbital (50 mg/kg), a 2-cm midline incision was
made along the vertebrae T7-T10. The thoracolumbar
fascia and paraspinal musculature were incised along
the spinous processes and retracted. A T8-T9 laminect-
omy was performed using an operating microscope.
Thirty seconds extradural compression with a vascular
clip (30 g forces, Kent Scientific Corporation, INS
14120, USA) was performed around the exposed
spinal cord to induce compression injury.'® Then, the
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spinal cord was irrigated with saline, the muscles and
skin sutured. The site of the lesion was marked with a
non-degradable suture. The animals were placed under
a heating lamp for recovery.

Experimental protocol

The experimental groups consisted of sham group, SCI
group, and SCI + curcumin group (n = 16 per group).
Rats of SCI + curcumin group received intraperitoneal
injections of curcumin at 100 mg/kg in phosphate buf-
fered saline (PBS) including 1% dimethyl sulfoxide
(DMSO) at 15 minutes after SCI. The dose of curcumin
used in this study was based on previous experiments.'’
Rats of sham and SCI groups received equal volume
PBS including 1% DMSO at 15 minutes after the
surgery.

At 72 hours following sham or injury, rats were sacri-
ficed for sample collection by cervical dislocation, after
being tested for locomotion deficits (z = 16). For real-
time polymerase chain reaction (PCR), western blot
analysis, electrophoretic mobility shift assay (EMSA)
analysis, enzyme-linked immunosorbent assay (ELISA),
and wet/dry weight (WW/DW) ratio, eight rats in
each group were exsanguinated by cardiac puncture.
The spinal cords spanning the injury site about 0.8 cm
were rapidly excised. A portion of the tissue was har-
vested for WW/DW ratio detection, the remainder
was immediately stored in liquid nitrogen until analysis.
For terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) analysis, the other
eight rats in each group were perfused via left ventricular
puncture with cold saline (4°C), followed by 4%
neutral-buffered formalin. The injured spinal cords
about 0.8 cm were excised, stored overnight in 4%
neutral-buffered formalin, and then embedded in
paraffin.

Quantitative real-time PCR

Total RNA was extracted from spinal cord sample
using Trizol Reagents (Invitrogen Lift Technologies,
Carlsbad, CA, USA) according to the manufacture’s
instruction. The ¢cDNA synthesis from the isolated
RNA was performed using oligo dT and MMLV
Reverse Transcriptase (Promega, Madison, WI, USA).
The primer sets of TLR4 (5-TTGCCTTCATTACAGG
GACTT-3 and 5-CAGAGCGGCTACTCAGAAACT-
3’) and GAPDH (5-GGAAAGCTGTGGCGTGAT-3¥
and 5-AAGGTGGAAGAATGGGAGTT-3) were
synthesized by Kangcheng Biotechnology (Shanghai,
China). Quantitative real-time PCR analysis was per-
formed by using the Rotor-Gene™ 3000 real-time
DNA analysis system (Corbett Research, Sydney,



Australia), applying real-time SYBR Green PCR tech-
nology. The reaction mixtures contained diluted
cDNA, SYBR Green 1 Nucleic Acid Stain (Invitrogen
Lift Technologies, Carlsbad, CA, USA), 20 uM of each
gene-specific primer and nuclease-free water to a final
volume of 25 pul. Test cDNA results were normalized to
GAPDH measured on the same plate.

Western blot analysis

The frozen spinal cord tissue was mechanically lysed in
20mM Tris, pH 7.6, which contains 0.2% sodium
dodecyl sulfate, 1% Triton X-100, 1% deoxycholate,
1 mM phenylmethylsulphonyl fluoride, and 0.11 IU/ml
aprotinin (Sigma-Aldrich, Inc., St. Luis, MO, USA).
Lysates were centrifuged at 14 000g for 15 minutes
at 4 °C. The protein concentration was estimated by
the Bradford method using the protein assay kit
(Kangcheng Biotechnology, Shanghai, China). The
samples (50 ug per lane) were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophor-
esis and electro-transferred onto a polyvinylidene-
difluoride membrane (Bio-Rad Lab, Hercules, CA,
USA). The membrane was blocked with 5% skimmed
milk for 2 hours at room temperature, incubated over-
night at 4 °C with primary antibodies directed against
the TLR4 protein (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in PBS + Tween 20 (PBST) at a
dilution of 1:3000, and GAPDH (Santa Cruz
Biotechnology) diluted 1:10000 in PBST (Sigma-
Aldrich) was used as a loading control. After the mem-
brane was washed for 5 minutes each for three times in
PBST, it was incubated in the appropriate HRP-conju-
gated secondary antibody at a dilution of 1:5000 for 1
hour. The blotted protein bands were visualized by
enhanced chemiluminescence western blot detection
reagents (Amersham, Arlington Heights, IL, USA)
and were exposed to X-ray film. Developed films were
digitized using an Epson Perfection 2480 scanner
(Seiko Corp, Nagano, Japan). Optical densities were
obtained using Glyko Bandscan software (Glyko,
Novato, CA, USA) and the TLR4 protein expression
levels were normalized to GAPDH.

Nuclear protein extract and EMSA

Nuclear protein was extracted and quantified as
described previously.'® EMSA was performed using a
commercial kit (Gel Shift Assay System; Promega) fol-
lowing the methods in our laboratory. A Consensus oli-
gonucleotide probe for NF-xB (5-AGT TGA GGG
GAC TTT CCC AGG C-3') was end-labeled with
[y-*P]-ATP (Free Biotech., Beijing, China) with T4-
polynucleotide kinase. EMSA was performed according
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to our previous study.'® NF-kB activity was quantified
by computer-assisted densitometric analysis.

ELISA analysis

Spinal cord levels of inflammatory cytokines such as
TNF-a, IL-1pB, and IL-6 were quantified using ELISA
kits specific for rats according to the manufacturers’
instructions (TNF-a from Diaclone Research, France;
IL-1p, IL-6 from Biosource Europe SA, Belgium) and
our previous study.'” The cytokine contents were
expressed as pg/mg protein.

Evaluation of locomotion deficit

The locomotion deficit of rats after SCI was scored in an
open field according to Basso, Beattie, and Bresnahan
(BBB) locomotion rating scale of 0 (complete paralysis)
to 21 (normal locomotion) as previously described.!®
The scale grossly assessed hind limb movements, body
weight support, forelimb-hind limb coordination, and
whole body movements. Each session was conducted
for 5 minutes by two independent observers blinded to
the experiments at 72 hours after sham or injury.

Spinal cord wet/dry weight ratio

Spinal cord water content was determined using the
WW/DW method as previously described.?® Spinal
cord samples were taken, and immediately weighted to
obtain the WW. The samples were dried in an oven for
24 h at 110°C and weighted again to obtain the DW.
Water content was calculated as [[WW — DW) x 100]/
WW.

TUNEL staining

The formalin-fixed, paraffin-embedded tissue samples
were sectioned at 4-um thickness with a microtome.
The sections were scored for apoptotic cells by
TUNEL. An in situ cell death detection kit POD
(ISCDD, Boehringer Mannheim, Germany) was used
according to the kit protocol and our previous study.'®
Microscopy of the stained tissue sections was performed
by a pathologist blinded to the experimental condition.
TUNEL-positive cells were counted in the section
through the injury epicenter. The extent of spinal cord
damage was evaluated by apoptotic index (AI) which
was the average percentage of TUNEL-positive cells in
each section counted in 10 cortical microscopic fields
(at 200x magnifications).

Statistical analysis

Software SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was
used for the statistical analysis. All data were expressed
as mean + SD. The measurements were subjected to
one-way analysis of variance. Differences between
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experimental groups were determined by Fisher’s LSD
posttest. Significance was assigned at P < 0.05.

Results

mRNA expression of TLR4 in spinal cord

The mRNA expression level of TLR4 was detected by
quantitative real-time PCR. The mRNA of TLR4 in
the rat spinal cords of sham group was expressed at
the lowest level of the three groups. Increased spinal
cord mRNA expression level of TLR4 (298.6% increase
relative to the sham group) was detected at 72 hours
after SCI when compared with rats in sham group.
The mRNA expression level of TLR4 (190.0% increase
relative to the sham group) in the spinal cord samples
was significantly down-regulated by curcumin adminis-
tration as compared with SCI group (Fig. 1).

Protein expression of TLR4 in spinal cord

The levels of TLR4 protein expression were measured
by western blot analysis. The protein expression of
TLR4 in the rat spinal cords of sham group was the
lowest of the three groups. Increased spinal cord
protein expression level of TLR4 (234.3% increase rela-
tive to the sham group) was detected at 72 hours after
SCI when compared with rats in sham group. After cur-
cumin administration, the increased level of TLR4 was
significantly suppressed (167.7% increase relative to
the sham group) in the rat spinal cords of SCI+ curcu-
min group (Fig. 2).

NF-xB DNA-binding activity in spinal cord

The DNA-binding activity of NF-xB in spinal cord was
determined by EMSA. The NF-xB DNA-binding
activity in the rat spinal cords of sham group was the
lowest of the three groups. Compared with the sham

TLR4/GAPDH mRNA ratio

SCi

Figure 1 Spinal cord TLR4 mRNA expression in sham group,
SCI group and SCI + curcumin group by quantitative real-time
PCR (n =8 per group). The figure shows that the TLR4 mRNA
level in the spinal cords was significantly increased after SCI
and could be suppressed when treated with curcumin. **P <
0.01 versus sham group; **P < 0.01 versus SCI group.
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Figure 2 Spinal cord TLR4 protein expression in sham group,
SCI group and SCI + curcumin group by western blot analysis
(n =8 per group). Upper, Representative autoradiogram of the
TLR4 protein expression by western blot. We detected TLR4 at
89 kDa and the loading control GAPDH at 36 kDa. Bottom,
Quantitative analysis of the western blot results for the
expression of TLR4. The figure shows that the protein
expression of TLR4 in the spinal cords was significantly
increased after SCl and could be suppressed when treated with
curcumin. **P < 0.01 versus sham group; **P < 0.01 versus SCI

group.

group, NF-kB DNA-binding activity in the spinal
cords was increased (162.9% increase relative to the
sham group) at 72 hours postinjury. In SCI + curcumin
group, the NF-xB DNA-binding activity was markedly
down-regulated (117.9% increase relative to the sham
group) in the rat spinal cords after SCI (Fig. 3).

Inflammatory cytokine concentrations in spinal
cord

Concentrations of inflammatory cytokines including
TNF-a, IL-1B, and IL-6 in the rat spinal cords of
sham group were the lowest of the three groups.
Compared with the sham group, the concentrations of
TNF-a (257.9% increase relative to the sham group),
IL-1B (296.3% increase relative to the sham group),
and IL-6 (229.0% increase relative to the sham group)
in the spinal cords were significantly increased at 72
hours after SCI. As shown in Fig. 4, the TNF-a
(188.8% increase relative to the sham group), IL-1B
(164.2% increase relative to the sham group), and IL-6
(181.0% increase relative to the sham group) concen-
trations were significantly decreased by curcumin
administration after SCI.

Locomotion deficit
The BBB locomotion rating scale was developed based
on natural progression of locomotion recovery in rats
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Figure 3 Spinal cord NF-kB DNA-binding activity in sham
group, SCI group and SCI group by EMSA (n =8 per group).
EMSA autoradiography of NF-kB DNA binding is shown on top
of the graph, and the order of individual band correspond to
that of graph bar. Curcumin treatment significantly down-
regulated the NF-kB activation in the injured spinal cord
following SCI. **P < 0.01 versus sham group; **P < 0.01 versus
SCI group.
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Figure 4 Concentrations of inflammatory cytokines in the
spinal cord in sham group, SCI group, and SCI + curcumin
group by ELISA analysis (n =8 per group). The figure indicates
that concentrations of TNF-q, IL-1p, and IL-6 in the injured
spinal cord were significantly increased after SCI and could be
suppressed when treated with curcumin. **P < 0.01 versus
sham group; **P < 0.01 versus SCI group.
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Figure 5 BBB locomotion assessment in sham group, SCI
group and SCI + curcumin group (n = 16 per group). The figure
shows that the BBB locomotion score was significantly
decreased after SCI and could be up-regulated when treated
with curcumin. **P < 0.01 versus sham group; **P < 0.01 versus
SCI group.
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with thoracic SCI. The BBB score was approximately 21
in the sham group. Immediately after surgery, BBB score
of every rat was approximately 0, which meant that the
SCI model was successful. At 72 hours after SCI,
decreased BBB score, which reflected an impairment
of locomotion function, was observed in SCI group
(96.4% decrease relative to the sham group) in compari-
son with sham group. In SCI + curcumin group, when
compared with the SCI group, the BBB score (87.5%
decrease relative to the sham group) was significantly
increased (Fig. 5).

Spinal cord water content

We investigated the spinal cord water content using
WW/DW ratio method. The water content in rats of
sham group was the lowest of the three groups as
shown in Fig. 6. Significant increase in water content
(103.2% increase relative to the sham group) was
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Figure 6 Spinal cord water content in sham group, SCI group
and SCI + curcumin group by wet/dry weight method (n =8 per
group). Curcumin treatment significantly attenuated SCI-
induced spinal cord edema in rats. **P < 0.01 versus sham
group; **P < 0.01 versus SCI group.
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Figure 7 TUNEL immunohistochemistry staining in the spinal cord tissue in sham group, SCI group and SCI + curcumin group (n =8
per group). (A) sham group rats showing few TUNEL-positive cells; (B) SCI group rats showing more TUNEL-positive cells; (C) SCI +
curcumin group rats showing less TUNEL-positive cells than SCI group; (D) curcumin treatment significantly decreased the
apoptotic index in the injured spinal cord following SCI. **P < 0.01 versus sham group; **P < 0.01 versus SCI group.

detected in the spinal cord samples at 72 hours after SCI
when compared with rats in sham group. The mean
value of spinal cord water content was decreased
(101.9% increase relative to the sham group) by curcu-
min administration as compared with in SCI + curcu-
min group.

Apoptotic index

The Al in the sham group rat brain tissue was found to
be the lowest of the three groups (6.25 + 0.84 %), as
shown in Fig. 7. In SCI group, the Al in the studied
rat spinal cords was found to be significantly increased
(682.1% increase relative to the sham group) compared
with those in sham group animals. In SCI + curcumin
group, the Al in the spinal cord tissue (528.0% increase
relative to the sham group) was significantly decreased.

Discussion

The main findings of this study were (i) SCI could
induce significant up-regulation of TLR4 mRNA and
protein expression in the spinal cord; (ii) the levels of
NF-xB activity, TNF-a, IL-1p, and IL-6; concentrations
in the injured spinal cord were significantly increased
after trauma; (iii) the spinal cord levels of these agents
related to TLR4/NF-«xB inflammatory signaling
pathway could be suppressed when treated with curcu-
min; (iv) after curcumin administration, SCl-induced
hindlimb locomotion deficits, spinal cord edema, and
apoptotic cell death were markedly ameliorated. These
findings reported here suggest for the first time that cur-
cumin may attenuate the SCI-induced the activation of
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TLR4/NF-xB inflammatory signaling pathway which
may participate in the pathogenesis of secondary
spinal cord damage following primary trauma in rat
SCI model.

There have been several studies focusing on the neuro-
protective effects of curcumin in SCI. As mentioned by
Cemil et al.?! in their literature, administration of curcu-
min provided neuroprotection in an experimental rat
model of SCI. Their results suggested that these effects
were accompanied by decreased level of tissue MDA
and increased levels of tissue GSH-Px, SOD, and CAT
activity after SCI. Another research indicated that treat-
ment of SCI with curcumin inhibited apoptosis and
neuron loss, quenched astrocyte activation, and signifi-
cantly improved neurologic deficit in rats.?* In a recent
study by Ormond et al.,** postinjury curcumin adminis-
tration resulted in improved motor function recovery
from SCI, correlating with no adverse effects noted in
experimental animals. In this research, our data are con-
sistent with the previous studies. We found in this study
that curcumin administration following SCI could ame-
liorate locomotion deficit, spinal cord edema and apop-
totic cell death, which played as indices of secondary
spinal cord damage after SCI. However, despite the
demonstrated mechanisms of curcumin in neuroprotec-
tion, none of the previous studies have focused on the
TLR4/NF-xB signaling pathway mediated spinal cord
inflammatory response in relation to cytotoxic damage
after SCI.

The TLRs play key roles in controlling innate
immunity that responds to a wide variety of pathogen-



associated molecule patterns. The TLRs mediated intra-
cellular signaling pathways converge to activate NF-kB
and c-Jun N-terminal kinases (JNKs), which induce the
transcription of a series of inflammatory cytokines that
are involved in the initiation or regulation of the inflam-
matory response.”* A variety of TLRs have been ident-
ified in human cells and some other species’ spinal
cords.”®> The TLRs family can also be activated by
numerous endogenous ligands such as heat shock
protein, necrotic cells, extracellular matrix, and oxidized
lipids that are found in the injured spinal cord.?®’.
Many of these ligands have been shown to activate
TLR4, therefore our study focused on this receptor. In
this study, we reported for the first time that both
mRNA and protein expression of spinal cord TLR4
were significantly increased and could be inhibited by
curcumin in the rats SCI model.

Activation of NF-kB signaling pathway has been
shown to be central to the pathophysiology of spinal
inflammatory response induced by SCL?® NF-xB can
be activated by lesion-induced oxidative stress, bacterial
endotoxin, and cytokines.?” The functional importance
of NF-kB in acute inflammation is based on its ability
to regulate the promoters of multiple inflammatory
genes whose products, such as TNF-a, IL-1p, and
IL-6, are critical to inflammatory processes.’’ NF-kB
activation enhances the transcription of inflammatory
cytokines, and the cytokines are known to in turn
activate NF-kB.>! The positive feedback is believed to
serve to amplify inflammatory signals and exacerbate
SCI after trauma. In this study, we evaluated the
effects of curcumin on SCI-induced activation of pro-
inflammatory NF-kB signaling pathway in the spinal
cord. The results showed that the levels of NF-kB,
TNF-a, IL-1p, and IL-6 in the injured spinal cord
were markedly up-regulated and could be suppressed
by curcumin administration after trauma, which
showed a positive relation with the TLR4 expression,
suggesting the inhibitory effects of curcumin on the
spinal cord activation of TLR4/NF-xB inflammatory
signaling pathway following SCI.

There is compelling evidence that curcumin inhibits
a number of inflammatory processes known to be
important during SCI. Curcumin therapy has been
shown to protects against sepsis-induced acute lung
injury by counteracting inflammatory cells infiltration
and ROS generation, and regulating cytokine effects.*?
Curcumin also interferes with multiple steps of inflam-
matory kinases involving P13K-Akt, ERK1/2, P38,
and JNK in regional myocardial ischemia/reperfusion
injury rats.® In other studies, curcumin has been
suggested to engage the NF-kB signal pathway in
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streptozotocin-induced ~ diabetes,*  caerulein-induced
acute pancreatitis,>> and traumatic brain injury.*®
However, whether these mechanisms actually apply in
the setting of SCI remains elusive. Our present data
extended these findings by showing that curcumin sup-
presses induction of TLR4/NF-kB inflammatory sig-
naling pathway in the injured spinal cord after SCI.
However, the mechanisms by which curcumin reducing
SCI-induced TLR4/NF-xB signaling pathway and
inflammatory response remain unclear. It is assured
that further researches are needed and will be conducted
in our laboratory.

Conclusion

The results of this research showed that SCI could
induce an activation of TLR4/NF-xB inflammatory
signaling pathway in the injured spinal cord, which
might play a central role in the inflammatory response
that leads to secondary insults after SCI. The thera-
peutic benefit of post-SCI curcumin administration
might be due to its salutary effect on modulating
TLR4/NF-xB inflammatory signaling pathway.
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