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Abstract
Sodium butyrate (SB) is a dietary microbial fermentation product and serves as an important neuromodulator in the central
nervous system. Recent experimental evidence has suggested potential therapeutic applications for butyrate, including its
utility in treating metabolic and inflammatory diseases. The aim of the present study was to evaluate the potential beneficial
effects of SB in a mouse model of spinal cord injury (SCI) and its possible mechanism of action. SCI was induced by
extradural compression for 1 min of the spinal cord at the T6–7 level using an aneurysm clip, and SB (10–30-100mg/kg) was
administered by oral gavage 1 and 6 h after SCI. For locomotor activity, study mice were treated with SB once daily for
10 days. Morphological examination was performed by light microscopy through hematoxylin-eosin (H&E) staining. In
addition, NF-κB, IκB-α, COX-2, and iNOS expressions were assayed by western blot analysis and IL-1β and TNF-α levels
by immunohistochemistry analysis. The results showed that SB treatment significantly ameliorated histopathology changes
and improved recovery of motor function changes in spinal cord injury in a dose-dependent manner. Moreover, we demon-
strated that SB modulated the NF-κB pathway showing a significant reduction in cytokine expression. Thus, this study
showed that SB exerts neuroprotective effects anti-inflammatory properties following spinal cord injury suggesting that SB
may serve as a potential candidate for future treatment of spinal cord injury.

Keywords Spinal cord injury . Sodiumbutyrate . Short-chain fatty acid . Inflammation .Neuroinflammation .Neurodegenerative
disease

Introduction

Spinal cord injury (SCI) occurs with an annual incidence of
12.1–57.8 cases per million, and it is associated with permanent
disability and decreased life expectancy. The incidence, preva-
lence, and causation of SCI differ between developing and de-
veloped countries and suggest that management and preventa-
tive strategies must be adapted to regional needs. Although
several studies have attempted to quantify the worldwide prev-
alence and incidences, several issues have prevented an accu-
rate estimate [1]. SCI is the damage caused to the spinal cord
that compromise the major functions and actually remains the
most important cause of mortality in the society.

SCI is known to result in neurological deficits through both
the primary and secondary damage. The Bprimary^ injury
encompasses the immediate mechanical damage to the spinal
cord tissue that occurs at the moment of impact, which is
irreversible and not preventable. The Bsecondary^ injury, by
contrast, is incurred as a result of the pathological processes
initiated at the time of the primary injury and continues for
several days or months, characterized by infiltration of leuko-
cytes and activation of glial cells that aggravate tissue damage
by releasing proteases, reactive oxygen intermediates, lyso-
some enzymes, and pro-inflammatory cytokines/chemokines.

Recent studies have indicated sodium butyrate (SB) exerts
anti-inflammatory and neuroprotective effects in neurodegen-
erative disorders [2]. SB is a natural short-chain fatty acid
(SCFA) present in dairy products and produced in the colon
by anaerobic fermentation of undigested carbohydrates. Fatty
acids are building blocks of fats and our cells cannot be with-
out them. This particular fatty acid is very small and is usually
made by bacteria living in our gut mostly from fibers derived
from grains, beans, onions, and bananas. This four-carbon
acid plays an important role in maintaining normal function
and integrity of the colonic mucosa [3]. Its anti-inflammatory
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properties are also shown in an increasing number of animal
and cellular models of inflammatory diseases. It has been
shown that SCFA improved inflammation through activating
NF-κB signaling pathways [4]; in fact, SB decreases the acti-
vation of NF-κB reducing inflammation and oxidative dam-
age in the kidney of rats subjected to contrast-induced ne-
phropathy. SCFAs have profound effects on gut function, me-
diated by the FFA2 and FFA3 receptors, by suppressing intes-
tinal inflammation and maintaining intestinal homeostasis
[5–7] On the other hand, SB belongs to the class of
deacetylase inhibitors (HDAC) and acts as HDAC inhibitor
in various types of cells [5]. SB suppresses the expression of
pro-inflammatory cytokines in dendritic cells through
inhibiting HDAC activity. Recent experimental evidence has
suggested potential therapeutic applications for SB, including
its utility in treating metabolic and inflammatory diseases [8,
9]. Moreover, the latest studies have highlighted a possible
involving of SB on redox system, demonstrating the role of
SB as an activator of NRF2 pathway [10]. Although, the
mechanism by which SB activates NRF2 is not clarified.

Clinical trials suggest that SB exerts its anti-inflammatory
properties in human inflammatory bowel disease, including
ulcerative colitis, proctosigmoiditis, and chronic radiation
proctitis [11–14]. Recently, Kukkar et al. showed that oral
administration of butyrate attenuates neuropathic pain symp-
toms in a chronic constriction injury (CCI) model, which may
bemainly attributed to its ability to decrease the release of pro-
inflammatory mediators during neuropathy development [15].
Although the neuroprotective effect of SB has been well doc-
umented, its neuroprotective effects on SCI have never been
studied. Therefore, since inflammation is a key element in
pathophysiology on SCI, in the present study, we evaluated
the effects of SB on the inflammatory and oxidative pathway
in a mouse model of SCI.

Materials and Methods

In Vivo Experiments

Animals

Male adult CD1 mice (25 to 30 g, 6–8 weeks Envigo,
Italy) were housed in a controlled environment and
powered with standard rodent chow and water. Mice were
housed in stainless steel cages in a room kept at 22 ± 1 °C
with a 12-h light, 12-h dark cycle. Mice were acclimatized
to their environment for 1 week and had ad libitum access
to tap water and rodent standard diet. The study was ac-
cepted by the University of Messina Review Board for the
care of animals. All animal experiments were in agree-
ment with regulations in Italy (DM 116192) and EU reg-
ulations (OJ of EC L 358/1 12/18/1986).

SCI Animal Model

Mice were anesthetized with xylazine and ketamine (0.16 and
2.6 mg/kg body weight, respectively). A longitudinal incision
was made in the midline of the back, exposing the
paravertebral muscles. These muscles were dissected away
exposing T5 to T8 vertebrae. SCI was produced by extradural
compression of the spinal cord at T6 to T7 using an aneurysm
clip with a closing force of 24 g as previously described. In all
injured groups, the spinal cord was compressed for 1 min.
Sham-injured animals were only subjected to laminectomy.
Spinal cord tissues were collected 24 h after trauma.

Experimental Groups

Mice were divided randomly in the following groups:

1. Sham + vehicle group. Mice were subjected to the surgi-
cal procedures except for the aneurysm clip, which was
not applied. These mice received orally saline.(N = 20)

2. Sham + SB 100 mg. Identical to sham + vehicle group
except for the administration of SB (100 mg/kg, o.s. 1 h
and 6 h, after SCI) (N = 20)

3. SCI + vehicle: mice were subjected to SCI plus adminis-
tration of saline (N = 20)

4. SCI + SB10mg/Kg: mice were subjected to SCI plus oral-
ly administration with SB at the dose of 10 mg/kg 1 h and
6 h after SCI (N = 20)

5. SCI + SB 30 mg/kg: mice were subjected to SCI plus
orally administration of SB at the dose of 30mg/kg, orally
1 h and 6 h after SCI (N = 20)

6. SCI + SB 100 mg/kg: mice were subjected to SCI plus
orally administration of SB at the dose of 100 mg/kg,
orally 1 h and 6 h after SCI (N = 20)

In a separate set of experiments, ten animals for each group
were observed until 10 days after SCI, to evaluate the motor
score. The animals received SB at the dose of 10, 30, and
100 mg/kg orally 1 and 6 h after SCI and daily until day 9;
the motor score was assessed daily.

The dose and the route of administration of SB were based
on a previous in vivo study [16].

Grading of Motor Disturbance

The motor function of mice subjected to compression damage
was evaluated with the Basso Mouse Scale (BMS). That is a
certified scale used to monitor the progress of hind-limb func-
tional recovery following SCI. The scale ranges go from 0 that
indicate complete paralysis to 9 points that indicate normal
hind-limb function [17]. Basso Mouse Scale for locomotion
detects differences in recovery after spinal cord injury in five
common mouse strains. The evaluations of BMS score were
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recorded daily until day 9 subsequent SCI and were made by
two blind observers (without knowledge of the treatments) for
all analyzed groups. To evaluate coordinated movement and
stepping, hind-limb motion was used. The average of the two
scores was used when differences were observed between the
right and left hind limbs.

Histological Examination

For histopathological examination by standard hematoxylin
and eosin (H&E) staining, 24 h after injury, mice were deeply
anesthetized with pentobarbital sodium and then perfused
transcardially with cold PBS (0.1M). One centimeter of tissue
on each side of the lesion was collected in 4% paraformalde-
hyde for 24 h, at room temperature, dehydrated by graded
ethanol, and embedded in paraffin wax. Sections 7 μm thick
were cut from paraffin-embedded tissue and deparaffinized
with xylene, re-hydrated by graded ethanol, stained with he-
matoxylin/eosin, and examined by light microscopy
(AxioVision, Zeiss, Milan, Italy). The segments of each spinal
cord were estimated by an experienced histopathologist, and
all the histological studies were performed by two indepen-
dent examiners who were blind to the experimental conditions
without knowledge of the treatments. Injured neurons were
counted and the histopathologic modifications of the gray
matter were scored on a six-point scale: 0, no lesion noticed;
I, gray matter contained one-five eosinophilic neurons; II,
gray matter contained five-ten eosinophilic neurons; III, gray
matter containedmore than ten eosinophilic neurons; IV, small
infarction (less than 1/3 of the gray matter area); V, moderate
infarction (1/3 to one 1/2 of the gray matter area); VI, large
infarction (more than 1/2 of the gray matter area). The results
from every section of all spinal cord were averaged to furnish
a final score for distinct mice [18].

Localization of TNF-α and IL-1β
by Immunohistochemistry Analysis

After deparaffinization and rehydration, endogenous peroxi-
dase was removed with 0.3% H2O2 in 60% methanol for
30min. Non-specific adsorptionwasminimized by incubating
the section in 2% normal goat serum in PBS for 20 min. The
sections were then incubated overnight with primary IL-1β
(Santa Cruz Biotechnology; 1:100 in PBS) and TNF-α(Santa
Cruz Biotechnology; 1:100 in PBS). Sections were washed
with PBS and incubated with peroxidase-conjugated bovine
anti-mouse immunoglobulin G (IgG) secondary antibody or
peroxidase-conjugated goat anti-rabbit IgG (1:2.000 Jackson
Immuno Research, West Grove, PA, USA). Specific labeling
was detected with a biotin-conjugated goat anti-rabbit IgG or
biotin-conjugated goat anti-mouse IgG and avidin-biotin per-
oxidase complex (Vector Laboratories, Burlingame, CA,
USA). To verify the binding specificity for IL-1β and

TNF-α, control sections were also incubated with only the
primary antibody (no secondary) or with only the secondary
antibody (no primary). In these controls, no positive staining
was found in the sections, indicating that the immunoreaction
was positive in all the experiments. The immunohistochemi-
cal pictures were collected by Zeiss microscope using Axio
Vision software. For graphic display of densitometric analy-
ses, the % of positive staining (brown staining) was measured
by computer-assisted color image analysis (Leica QWin V3,
UK). The percentage area of immunoreactivity (determined
by the number of positive pixels) was expressed as % of total
tissue area (red staining) within five random fields at × 20
magnification. In particular, firstly, the colors of the images
that have been stained to the molecule of interest were defined.
Once these colors were defined, they were automatically de-
tected in all samples. This is a semi-quantitative analysis that
measures areas and not intensities [19–21]. In particular, the
densitometry analysis was carried out a section in which the
spinal cord tissues were orientated longitudinally in order to
observe all the histological portions.

Western Blot Analysis for IκB-α, NF-κB, COX-2, iNOS,
MnSOD, and Nrf-2

Levels of IκB-α, NF-κB, COX-2, iNOS and β-actin were
studied, as previously described, in cytosolic and nuclear frac-
tion from spinal cord tissue collected at the end of the exper-
iment with minor modifications. Spinal cord tissue from each
mouse was suspended in extraction buffer A containing
0.2 mM PMSF, 0.15 mM pepstatin A, 20 mM leupeptin,
1 mM sodium orthovanadate, homogenized at the maximum
setting for 2 min, and centrifuged at 12,000× rpm for 4 min at
4 °C. Supernatants represented the cytosolic fraction. The pel-
lets, containing enriched nuclei, were resuspended in buffer B
containing 1% Triton X-100, 150 mM NaCl, 10 mM Tris–
HCl pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM PMSF,
20 mM leupeptin, 0.2 mM sodium orthovanadate. After cen-
trifugation for 10 min at 12,000 rpm at 4 °C, the supernatants
containing the nuclear protein were stored at − 80 °C for fur-
ther analysis. Proteins from cytoplasm and nuclear fraction
were added to sample buffer (0.125 M Tris–HCl, (pH 6.8),
4% SDS, 20% glycerol, 10% β-mercaptoethanol, 0.004%
bromophenol blue), and boiled in a water bath for 5 min.
Protein samples were separated on denatured 12% SDS poly-
acrylamide gel and transferred to a nitrocellulose membrane.
Non-specific binding to the membrane was blocked for 1 h at
room temperature with 5% non-fat dry milk (PM) in PBS.
Membranes were incubated at 4 °C overnight with primary
antibody in milk–PBS–Tween 20, 0.1% (PMT) for IκB-α
(1:500; Santa Cruz Biotechnology), NF-κB (1:500; Santa
Cruz Biotechnology), iNOS (1:500;BD Trasduction) and
COX-2 (1:500; Cayman Chemicals), MnSOD (1:500;
Millipore), and Nrf-2 (1:500; Santa Cruz Biotechnology,
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SC-722), washed three times with PBS–0.1% Tween, and
then incubated for 1 h at room temperature with a secondary
antibody (peroxidase-conjugated bovine anti-mouse IgG sec-
ondary antibody or peroxidase-conjugated anti-rabbit IgG,
1:2000; Jackson Immuno Research, West Grove, PA). Bands
were detected by chemiluminescence (ECL) system (Thermo,
USA), visualized with the ChemiDoc XRS (Bio-Rad, USA),
and analyzed by using Image Lab 3.0 software (Bio-Rad,
USA). The expression levels of β-actin and lamin A/C served
as an internal control for protein loading.

Nitric Oxide Measurements

Tissue homogenate (100 μg/100 μl assay system) was incu-
bated with a reaction mixture containing Griess reagent (1%
sulfanilamide, 2% HCl, and 0.1% naphthyl ethelene diamine
dihydrochloride) and vanadium (III) chloride-based reduction.
Vanadium (III) in dilute acid solution causes reduction of ni-
trate to nitrite. The absorbance of the chromophore formed
during diazotization of the nitrite with sulfanilamide, and sub-
sequent coupling with naphthyl ethelene diamine, was read at
540 nm as previous described [22].

Materials

All other compounds were obtained from Sigma-Aldrich
Company Ltd. (Milan, Italy). All stock solutions were pre-
pared in non-pyrogenic saline (0.9% NaCl; Baxter, UK).

Statistical Evaluation

All values in the figures and text are expressed as mean ± stan-
dard error of the mean (SEM) of N observations. For the in vivo
studies, N represents the number of animals studied. In the ex-
periments of histology or immunohistochemistry, the figures
shown are representative of at least three experiments performed
on different days. The results were analyzed by one-way
ANOVA followed by a Bonferroni post hoc test for multiple
comparisons. A p value of less than 0.05 was considered signif-
icant. BMS scale data were analyzed by the Mann–Whitney test
and considered significant when p value was < 0.05.

Results

SB Reduces the Damage Caused by SCI

The severity of trauma in the peri-lesional area, as well as esti-
mation of alterations of white matter, was evaluated by hema-
toxylin and eosin staining 24 h after trauma. Significant damage
to the spinal cord was observed in tissue frommice subjected to
SCI, characterized by loss of tissue architecture and presence of
edema, when compared with sham-operated mice (Fig.1(A));

SB treatment significantly reduced spinal cord damage in a
dose-dependent manner (Fig.1(D–F)). To evaluate whether
histological damage to the spinal cord was associated with
a loss of motor function, we used the BMS open-field score
(1H). Motor function was not impaired in sham mice. SCI-
injured mice showed significant deficits in hind-limb move-
ment, when treatment with SB in a dose-dependent manner
significantly enhanced the neurological score, compared
with the SCI-vehicle mice (Fig. 1(H)).

Effects of SB on NF-kB Inflammatory Pathway

To investigate the molecular mechanisms by which SB
treatment may attenuate the development of SCI, we eval-
uated IκB-α degradation and NF-κB translocation to the
nucleus by western blot analysis. Basal expression of
IκB-α was detected in spinal cord section homogenates
from sham-operated mice, whereas IκB-α levels were sub-
stantially decreased in spinal cord tissue collected from SCI
mice (Fig.2(A)). SB treatment prevented SCI-induced deg-
radation of IκB-α (Fig.2(A)). Moreover, NF-κB transloca-
tion in the spinal cord nuclear fractions was also consider-
ably increased 24 h after SCI compared with the sham-
operated mice (Fig.2(B)), whereas SB treatment significant-
ly reduced, in a dose-dependent manner, the nuclear trans-
location of NF-κB (Fig.2(B)).

Release of pro-inflammatory cytokines is an important
mechanism responsible for spinal cord injury; also, NF-κB
plays multiple roles in the induction of IL-1 beta and TNF-α
transcription [23]. We investigated the role of TNF-α and IL-
1β by immunohistochemical analysis. A substantial increase
in TNF-α and IL-1β positive staining was found in spinal
cord tissues collected from mice at 24 h after SCI (Figs.
3(C) and 4(C)). However, the treatment with SB reduced the
positive staining of both TNF-α and IL-1β in a dose-
dependent manner (respectively 3D, 3E, 3F and 4D, 4E, 4F,
see densitometric analysis Figs. 3(G) and 4(G)).

Effect of SB on COX2 and iNOS Expression and NO
Levels

To analyze how SB modulates two of major inflammatory
mediators, we have assessed Cox-2 and iNOS expression by
Western blot analysis and the NO levels (Fig. 5).

Total NO• levels in spinal cord fractions were measured as
an indicator of oxidative stress and/or inflammatory re-
sponses. Notably, at 24 h post-SCI, total NO· levels in tissue
homogenate fractions were significantly higher compared to
shams group (Fig. 5(A)). SB treatment, in a dose-dependent
manner, significantly reduced total NO· levels in tissue ho-
mogenate fractions (Fig. 5(A)).

As showed, there was a significant increase in the expres-
sion of Cox-2 (Fig. 5(C), see densitometric analysis
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Fig. 5(C1)) and iNOS (Fig. 5(B), see densitometric analysis
Fig. 5(B1)) 24 h after SCI. Instead, treatment with SB signif-
icantly attenuated Cox-2 and iNOS expression in a dose-
dependent manner (respectively 5C and 5B).

Effects of SB Treatment on Antioxidant Response
Activation

Oxidative stress plays a key role in determining neuro-
nal cell damage. Nrf-2 is a transcription factor with

strong antioxidant effects, which protects neurons from
ROS-induced damage. We evaluated the effect of SB on
Nrf-2 pathway and related protein MnSOD by Western
blot analysis (Fig. 6).

A basal level of Nrf-2 was detected in the spinal cord
sections from sham-operated animals (Fig. 6(A), see densi-
tometric analysis A1); SCI increased Nrf-2 levels (Fig.
6(A), see densitometric analysis A1).Treatment with SB
considerably increase Nrf-2 expression at the dose of 30–
100 mg/kg (Fig. 6(A), see densitometric analysis A1).

Fig. 1 SB reduces the severity of injury after SCI and accelerated
recovery of motor function. No histological modifications have been
found in the spinal cord tissue collected from sham-operated mice (A,
see histological score G). A substantial injury to the spinal cord was
assessed in SCI-operated mice stained with H & E (C, see histological
score G). A significant protection against SCI was observed in SB-treated
mice (E and F, see histological score G). Moreover, the degree of motor
disturbance was assessed every day until 10 days after SCI by Basso
mouse scale (BMS) open-field score. Motor function was intensely

reduced in all mice subjected to SCI (H). Day-to-day treatment with SB
resulted in a significant enhancement in motor function after SCI.
However, daily treatment with SB at 30 and 100 mg/kg dose (E and F)
resulted in amore rapid and substantive restoration ofmotor function than
mice treated with SB 10 mg/kg dose (D) . The picture is demonstrative of
at least three experiments executed on distinctive experimental days. The
histological score was made by an independent observer. ***p < 0.001
vs. sham; ##p < 0.01; #p < 0.05; ###p < 0.001 vs. SCI. ND not detectable
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MnSOD expression showed a tendency to decrease follow-
ing SCI as compared to control mice (Fig. 6(B), see densito-
metric analysis B1), while SB administration 24 h after SCI
reported MnSOD expression to control levels (Fig. 6(B), see
densitometric analysis B1).

Discussion

SCI results in the complete or partial loss of motor and sensory
functions below the lesion site. This type of injury causes
irreversible paralysis; chronic pain; and loss of the bladder,
bowel, and sexual function. SCI consists of a two-step process
involving a primary mechanical injury followed by an inflam-
matory process and apoptosis. Secondary insult leads to dra-
matic losses in neurons and synaptic connections and conse-
quently functions [24].

Nowadays, methylprednisolone is the only drug available
and is reported to have a limited effect. Several other com-
pounds entering clinical trials including naloxone,
nimodipine, tirilazad mesylate, and gacyclidine have been
tested with largely negative consequences; therefore, an effec-
tive drug is urgently needed to treat SCI in clinical work.

Post-traumatic inflammatory reaction has been shown to
contribute to progressive tissue damage after spinal cord inju-
ry. Following spinal cord injury, inflammatory cells such as
polymorphonuclear neutrophils, macrophages, and

lymphocytes quickly infiltrate into the traumatized cord, and
inflammatory mediators, such as eicosanoids and cytokines,
are accumulated [25–32]. For example, within the first hour,
post-spinal cord injury, neutrophil infiltration [25, 26, 33], and
cytokine expression such as tumor necrosis factor-α (TNF-α)
and interleukin-1β (IL-1β) at and surrounding the site of in-
jury occurred [29, 31, 32]. The interplay between inflamma-
tory cells and mediators likely perpetuates a progressive
course of secondary injury, resulting in neuronal and glial cell
death, axonal destruction, and functional loss.

Traumatic SCI elicits a non-resolving neuroinflammatory
response that is conserved across mammals; this response be-
gins almost immediately upon mechanical injury and includes
a configuration of events including intraparenchymal hemor-
rhage and glial activation with release of immune mediators
[34, 35]. Other immune cells, including mast cell myeloid-
derived suppressor cells, dendritic cells, and T cells also are
present and can affect injury outcomes [36].

It has been seen that SCFA acts with neuroprotective effect;
belonging to this class of compounds are sodium acetate, pro-
pionate, and butyrate, derived from fermentation of undigested
and unabsorbed carbohydrates by microflora, and they are uti-
lized by the colonic mucosa, contributing to host health and gut
microbiota composition. Among all these, our attention has
focused on that the butyrate does not only represent a local
source of energy for colonocytes, but it also plays a role in
the regulation of systemic functions, such as inflammation.

Fig. 2 Effects of SB on NF-κB inflammatory pathway. Representative
Western blots showing the effects of SCI and SB treatment on IκB-α and
NF-κB expression in spinal tissue. Basal expression of IκB-αwas detect-
ed in spinal cord section homogenates from sham-operatedmice, whereas
IκB-αwas substantially degraded in spinal cord tissue collected from SCI
mice (B). SB treatment prevented SCI-induced degradation of IκB-α (B).

Moreover, NF-κB translocation in the spinal cord nuclear fractions was
also considerably increased 24 h after SCI compared with the sham-
operated mice (A). SB treatment significantly reduced, in a dose-
dependent manner, the nuclear translocation of NF-κB, and the degrada-
tion of IκB-α (A). ***p < 0.001 vs. sham; ##p < 0.01; #p < 0.05;
###p < 0.01 vs. SCI
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However, it competitively binds to the zinc sites of class I and II
histone deacetylases (HDACs). This binding affects
hyperacetylation of histones, resulting in a modified DNA con-
formation, which subsequently leads to the uncoiling or
relaxing of chromatin. Enhanced accessibility of chromatin to
transcription-regulatory complexes leads to increased transcrip-
tional activation of various epigenetically suppressed genes.
However, SB has been identified as having anticancer activity
in a variety of human cancer cell lines, including neuroblasto-
ma. SB has also been shown to restore the integrity of the
blood-brain barrier and attenuate neurological deficits follow-
ing traumatic brain injury in mice. Based on this, we wanted to
investigate the protective effects of SB in spinal cord injury. It
has been shown in several studies that the NF-kB pathway is
the major pro-inflammatory transcription factor, activated in

inflammation [37, 38] that plays a key role in pathophysiology
of SCI. Different studies demonstrated a peak of NF-κB bind-
ing activity between 1 and 3 days post-injury [39]. The obtained
results showed that SB could inhibit the nuclear activation of
the NF-kB, inhibiting the cytoplasmic degradation of IkB-α,
24 h after damage. NF-κB pathway transactivates genes that
code for pro-inflammatory proteins such as cytokines and ad-
hesion molecules, pro-inflammatory enzymes including induc-
ible nitric oxide synthase (iNOS) and inducible cyclooxygenase
II (COX-2), and pro-inflammatory proteases [37, 38, 40] dem-
onstrated that after damage in spinal cord, neuroinflammatory
cells expressed predominantly pro-inflammatory markers such
as iNOS. Considering the extent of the inhibition of NF-κB by
SB NF-κB pathway might be a major target of SB in iNOS
inhibition [41]. Although NO production is indubitably

Fig. 3 Effects of SB on TNF-α A substantial increase in TNF-α positive
staining was found in spinal cord tissues collected from mice at 24 h after
SCI (C). However, the treatment with SB reduced the positive staining of

TNF-α in a dose-dependent manner (E and F). ***p < 0.001 vs. sham;
##p < 0.01 vs. SCI. ND not detectable

Mol Neurobiol (2019) 56:3937–3947 3943



involved in inflammation, it is known the mutual effect with
Cox-2 activity to be fundamental in pro-inflammatory circum-
stances [42]. Moreover, it was demonstrated that Cox-2 mRNA
and protein expression are induced by SCI and the selective
inhibition of Cox-2 improved functional outcome following
damage [43]. In this study, we demonstrated that SBmodulated
Cox-2 and iNOS expression, significantly reducing both medi-
ators. Furthermore, Narita et al. [44], better demonstrated the
endogenous pro-inflammatory cytokines IL-1β and TNF-α-
dependent expression of Cox-2 mRNAwithin the spinal cord.
In this work, we demonstrated that SB reduced the levels of
both TNF-α and IL-1β in a dose-dependent manner. To evalu-
ate the severity of traumatic SCI, we used hematoxylin and
eosin staining which has clearly demonstrated in the peri-
lesional area of post traumatic edema areas. The damage to

the spinal cord causes alteration at the motor level. For this
reason, we performed motor disturbance that was assessed ev-
ery day until 10 days after SCI using the BMS score. Treatment
with SB reduced the degree of motor disturbance more effec-
tively than mice untreated. The principal finding in our present
study is SB treatment showed brain-protective activity in SCI in
a dose-dependent manner. This study demonstrated that SB
may protect against SCI by improving neurological dysfunction
and pathological changes. Recent studies demonstrated that SB
not is only involved on Nf-KB inflammatory pathway but also
onNrf2 antioxidant system. In the nucleus, Nrf2 associates with
small Maf and c-Jun, forming a heterodimer that binds to the
ARE and stimulates antioxidant gene [45]. In our study, we
showed that SB promoted the activation of Nrf2 pathway, re-
ducing the oxidative damage caused by SCI.

Fig. 4 Effects of SB on IL-1β levels. A substantial increase in IL-1β-
positive staining was found in spinal cord tissues collected from mice at
24 h after SCI (C). However, the treatment with SB reduced the positive

staining of IL-1β in a dose-dependent manner (E and F). ***p < 0.001 vs.
sham; #p < 0.05 vs. SCI
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Fig. 5 Effects of SB on Cox2, iNOS expression and NO levels. Western
blot analysis shows the expression of Cox-2 (C) and iNOS (B) 24 h after
SCI. We observed a significant expression of these inflammatory media-
tors in SCI-injured mice, with respect to the control group. However,
treatment with SB significantly attenuated Cox-2 and iNOS expression

in a dose-dependent manner (C and B). They were assessed by standard
Griess reagent and vanadium (III) chloride-based reduction assay. Spinal
cord tissue homogenate (A) showed significantly increased NO levels
24 h following SCI compared to sham. **p < 0.01; *p < 0.05;
***p < 0.001 vs. sham; #p < 0.05; ##p < 0.01 vs. SCI

Fig. 6 Effects of SB treatment on antioxidant response activation. A basal
level of Nrf-2 (A) was detected in the spinal cord sections from the sham-
operated animals; SCI significantly increased Nrf-2 levels. Treatment
with SB increased Nrf-2 expression. The expression of MnSOD levels

showed a tendency to decrease following SCI damage as compared to
control mice (B), to increase after SB treatment at the three doses (B).
**p < 0.01; ***p < 0.001 vs. sham; #p < 0.05; ##p < 0.01 vs. SCI
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Taken together, the data presented in this study demonstrat-
ed that treatment with SB exerts therapeutic activity of spinal
cord injury, suggesting that SB could represent a target for
therapeutic intervention in inflammatory disorders, such as
oxidative stress and neurodegenerative disease.
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