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Mangiferin attenuates contusive spinal cord injury
in rats through the regulation of oxidative stress,
inflammation and the Bcl-2 and Bax pathway
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Abstract. Mangiferin has antioxidant, antiviral, apoptosis
regulating, anti-inflammatory, antitumor and antidiabetic
effects, which can also inhibit osteoclast formation and
bone resorption. However, whether mangiferin ameliorates
the neurological pain of spinal cord injury (SCI) in ratS
remains to be elucidated. The present study investigated the
therapeutic effects of mangiferin on neurological function,
the water content of spinal cord, oxidative stress, the expres-
sion of inflammatory cytokines and the protein expression of
Bcl-2/Bax in a SCI rat model. In the present study, the Basso,
Beattie and Bresnahan scores, and the water content of the
spinal cord were used to analyze the therapeutic effects of
mangiferin on neurological pain in the SCI rat. The concen-
trations of malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), and the serum levels of glutathione
peroxidase (GSH-PX), nuclear factor-kB p65 unit, tumor
necrosis factor-a, interleukin (IL)-1p, IL-6 and caspase-3/9
were detected using commercial kits. The expression levels of
Bcl-2 and Bax were measured using western blot analysis. The
results demonstrated that administrating mangiferin began
to ameliorate neurological function and the water content of
the spinal cord in the SCI rat. The mangiferin-treated group
were found to have lower oxidative stress activity and lower
expression levels of inflammatory cytokines, compared with
the SCI rat. In addition, mangiferin significantly reduced the
protein expression of Bax and promoted the protein expression
of Bcl-2 in the SCI rat model. Finally, mangiferin markedly
suppressed the expression of caspase-3/9, indicating that
the protective action of mangiferin may be associated with
anti-apoptosis activation. In conclusion, mangiferin attenuated
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contusive SCI in the rats through regulating oxidative stress,
inflammation and the Bcl-2 and Bax pathway.

Introduction

Spinal cord injury (SCI) not only causes damage to local nerve
tissue degeneration and necrosis, cavity formation and glial scar
formation, but also can involve tracts, causing atrophy of the
brain and cardiovascular activities of central nuclei of neurons,
degeneration and necrosis, resulting in secondary damage and
cardiovascular dysfunction (1,2). Oxidative stress is a series of
adaptive reactions caused by the dysequilibrium between reac-
tive oxygen in the body and the antioxidant system and, due
to its importance in secondary injury in SCI, it has received
increasing attention (3). Lam et al reported that the potential
confounding effects of oxidative stress improved maximize
functional recovery following SCI (4), and Ordonez et al found
that arm-cranking exercises improved chronic spinal cord
injury through the downregulation of oxidative damage (5).

Barriers to the local microcirculation leads to edema
following SCI, and the release of arachidonic acid and its
products, including prostaglandins, leukotrienes and throm-
boxane cause secondary damage to local tissue, resulting in
severe inflammation, thereby causing irreversible damage to
the spinal cord (6). Studies have demonstrated that, following
SCI, several factors are involved in the process of apoptosis, in
which inflammatory cytokine are important role. Zhang et al
suggested that plumbagin protects against SCI-induced oxida-
tive stress and inflammation through the upregulation of Nrf-2
in rats (7).

The Bcl-2 gene family is an important regulator of apoptosis
in SCI, and Bax and Bcl-2 are the most representative genes in
the Bcl-2 family, which are apoptotic and anti-apoptotic genes
respectively (8,9). Chen et al reported that the administration
of Ad-HIF-1la ameliorates neuronal apoptosis and promotes
angiogenesis through the expression of Bax/Bcl-2 in SCI
rats (10). Ray er al indicated that E-64-d prevented calpain
upregulation and apoptosis in SCI rats through the Bax/bcl-2
pathway (11).

Mangiferin is a four-hydroxypyridine carbon glycoside,
which belongs to double benzene pyridine ketones. Modern
pharmacological and clinical studies have revealed that
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mangiferin has several physiological and pharmacological
effects, including anti-oxidation, anti-virus, apoptosis regu-
lating, anti-inflammatory, anticancer, antidiabetic, osteoclast
formation inhibiting and bone resorption (12-17). However,
to the best of our knowledge, detailed mechanisms regarding
the effect of mangiferin on SCI have not been described.
Therefore, the present study designed experiments to inves-
tigate the mechanisms underlying the protective action of
mangiferin in oxidative stress, inflammation, and induction of
the Bcl-2 and Bax signaling pathway induced by SCI, using
rats as the working model.

Materials and methods

Drugs and chemicals. Mangiferin (purity >98%) was
purchased from Nanjing traditional Chinese medicine
Institute of Chinese Material Medica (Nanjing, China). In
accordance with a previous report, the dosage and dosing
frequency of mangiferin were selected. The chemical
structure is indicated in Fig. 1. Methylprednisolone (MPSS)
was supplied by the First Hospital of Jilin University (Jilin,
China). Malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GSH-PX)
commercial kits were acquired form Beyotime Institute of
Biotechnology, (Nanjing, China). Nuclear factor (NF)-xB
p65 unit, tumor necrosis factor-a (TNF-a), interleukin
(IL)-1p, IL-6, caspase-3 and caspase-9 commercial kits were
acquired from Jiancheng Bioengineering Institute (Nanjing,
China).

Animals and the induction of the SCI rat model. A total of
48 adult male Sprague-Dawley (SD) rats (250-270 g) were
obtained from the Animal Resource Center of the First Hospital
of Jilin University. The study was approved by the Medical
Ethics Committee of the First Hospital of Jilin University.
The present study was performed in strict accordance with
the institutional guidelines provided by the Committee on
Animal Research at First Hospital of Jilin University. All rats
were housed in individual cages and had free access to food
and water (temperature, 22+1°C; 12-h light-dark cycle). The
rat model of SCI was performed, as described previously (18).
In addition, the rats were anesthetized via intraperitoneal (i.p.)
injection of sodium pentobarbital (50 mg/kg; Sigma-Aldrich,
St. Louis, MO, USA), containing ketamine (45 mg/kg; Sangon
Biotech Co., Ltd., Shanghai, China) and xylazine (5 mg/kg;
Sangon Biotech Co.,Ltd.) and atropine (0.02633 mg/kg, Sangon
Biotech Co., Ltd.). Subsequently, the rat model of SCI was
generated by performing a laminectomy, during which the T8
and T9 vertebral peduncles were removed. The control model
rats were subjected to the same laminectomy, but without
compression.

Experimental groups and procedures. All rats were randomly
divided into five groups: i) control group (Con; n=8), in which
normal rats that received physiological saline (0.1 ml/100 g,
i.p.) once a day for 30 days; ii) SCI group (SCI; n=10), in which
the SCI rats received physiological saline (0.1 ml/100 g, i.p.)
once a day for 30 days; iii) MPSS group (n=10), in which SCI
rats were treated with 100 mg/kg MPSS (i.p.) once a day for
30 days; iv) mangiferin group (MAN 20; n=10), in which
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SCI rats were treated with mangiferin at a dose of 20 mg/kg
once a day for 30 days; v) mangiferin group (MAN 40; n=10),
in which SCI rats were treated with mangiferin at a dose of
40 mg/kg once a day for 30 days.

Evaluation of neuronal function recovery. Following SCI, the
locomotor recovery was evaluated using the Basso, Beattie
and Bresnahan (BBB), locomotor rating scale, between 0 and
20, in which 0 indicates no observable hind-limb movements),
and 21, indicating normal locomotion (19).

Measurement of the water content of the spinal cord following
SCI. The effect of mangiferin on the SCI was evaluated by
determining the water content of the SCI. Rats were sacrificed
by decollation. For the duration of the investigation, the SCI
of all the rats were dried for 48 h at 80°C for determination
of the dry weight. The water content of the SCI was obtained
using the following calculations: Wet weight - dry weight / wet
weight.

Evaluation of oxidative stress. Following treatment with
mangiferin for 30 consecutive days, the peripheral blood was
collected from the animals in each group and was centrifuged
at 18,600 g for 10 min at 4°C. The supernatant was collected
and oxidative stress was analyzed by determining the levels
of MDA, SOD, CAT and GSH-PX in the SCI rats. According
to the manufacturer’s instructions (Beyotime Institute of
Biotechnology), the concentrations of MDA, SOD, CAT and
the activity of GSH-PX were analyzed using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Evaluation of inflammatory effects. Following treatment with
mangiferin for 30 consecutive days, 300 ul peripheral blood
was collected from the animals in 3 rats of each group and was
centrifuged at 18,600 x g for 10 min at 4°C. Following centrif-
ugation at 18,600 g for 10 min at 4°C, the serum activities of
NF-kB p65 unit, TNF-a, IL-1p and IL-6 were measured by
analyzing enzyme dynamics using commercial kits, according
to the manufacturer's instructions (Sangon Biotech Co., Ltd.).

Western blot analysis. Samples of the exposed spinal cord
tissue (10 mg) were removed and incubated with 100 ul
tissue lysis buffer (Beyotime Institute of Biotechnology)
containing 2 mM EDTA, 10 mM EGTA, 0.4%NaF, 20 mM
Tris-HCI and protease inhibitors (pH 7.5) for 10-15 min
on ice. Subsequently, the homogenates were centrifuged at
18,600 g for 10 min at 4°C. The protein concentration of
the soluble materials was determined using a Bicinchoninic
Acid protein assay (Beyotime Institute of Biotechnology).
Equal quantities of protein (50 pug) were fractioned on 12%
sodium dodecyl sulfate-polyacrylamide gels (Invitrogen
Life Technologies, Carlsbad, CA, USA), followed by transfer
onto polyvinylidene fluoride membranes (0.22 mm; EMD
Millipore, Bedford, MA, USA). The membranes were blocked
with phosphate-buffered saline (PBS) with 5% non-fat milk
to inhibit nonspecific binding sites. The membranes were
then incubated with anti-Bcl-2 (sc-492; 1:1,500; Santa Cruz
Biotechnology, Inc, Santa Cruz, CA, USA), anti-Bax (sc-493;
1:500; Santa Cruz Biotechnology, Inc,) and anti-f-actin
(sc-130656; 1:500; Sangon Biotech Co.,Ltd.) overnight at 4°C.
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Following incubation, the membrane was washed three times
with Tris-buffered saline with Tween 20 (Biosharp, St. Louis,
MO, USA) for 2 h, and the proteins were then detected by
incubating the membrane with anti-mouse IgG (sc-358922;
1:1,000; Santa Cruz Biotechnology, Inc.) conjugated with
horseradish peroxidase for 2 h at room temperature. The rela-
tive band intensity was determined using a gel image analysis
system (GDS8000; UVP, Upland, CA, USA).

Evaluation of caspase-3 and caspase-9. Following treatment
with mangiferin for 30 consecutive days, the peripheral blood
was collected from each group and centrifuged at 18,600 x g
for 10 min at 4°C. According to the manufacturer's instruc-
tions (Jiancheng Bioengineering Institute), the levels of
caspase-3 and caspase-9 were analyzed using commercial
kits at A,y nm.

Statistical analysis. Statistical analyses were performed
using SPSS 19.0 software package (SPSS, Inc., Chicago, IL,
USA. Data are presented as the mean + standard deviation.
Statistical analysis was performed using one-way analysis of
variance followed by Dunnett's test. P<0.05 was considered to
indicate a statistically significant difference.

Results

BBB scores for the evaluation of neurological function. In
the present study a model of SCI in rats was establish, which
exhibited persistent changes in neurological function. The
results revealed that the BBB scores of the SCI model rat
were reduced at 24, 48 and 72 h post-surgery respectively,
compared with those of the control group (Fig. 2). However,
treatment with mangiferin (20 and 40 mg/kg) of the rats in
the SCI model group exhibited significantly improved neuro-
logical function and increased BBB scores, compared with the
untreated SCI model group (Fig. 2). In addition, as shown in
Fig. 2, the BBB scores of the rats treated with mangiferin at a
dose of 40 mg/kg were similar to those obtained in the MPSS
group, although not statistically significant (P>0.05).

Mangiferin reduces the water content of the spinal cord
following SCI. To determine the effect of mangiferin on SCI,
the water content of the spinal cord tissues were measured
in the present study. As shown in Fig. 3, the water content of
spinal cord was increased in the SCI model rats, compared
with the rats in the control group. However, the water
content of the spinal cords in the mangiferin-treated (20 and
40 mg/kg) groups were significantly lower than that observed
in the SCI model group (Fig. 3). No significant difference
was observed between the MPSS group and the MAN 40
group (P>0.05).

Anti-oxidative effects of mangiferin. The results of the present
study revealed that the level of MDA in the SCI model rats was
enhanced, compared with that in the control group (Fig. 4A).
Treatment with mangiferin (20 and 40 mg/kg) reduced the
concentrations of MDA, compared with the SCI model group
(Fig. 4A). The results also demonstrated that the concentra-
tions of SOD and CAT, and the activity of GSH-PX were weak
in the SCI model rat group, compared with those observed in
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Figure 1. Chemical structure of mangiferin.
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Figure 2. BBB scores for evaluating neurological function. Data are presented
as the mean + standard deviation. “"P<0.01, compared with the control group;
#P<0.01, compared with the SCI group. BBB, Basso, Beattie and Bresnahan;
Con, control; SCI, spinal cord injury; MPSS, methylprednisolone-treated;
MAN (20), mangiferin (20 mg/kg); MAN (40), mangiferin (40 mg/kg).
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Figure 3. Mangiferin reduces the water content of spinal cord following SCI.
Data are presented as the mean + standard deviation. “P<0.01, compared with
control group; #P<0.01 compared with SCI group. Con, control; SCI, spinal
cord injury; MPSS, methylprednisolone; MAN (20), mangiferin (20 mg/kg);
MAN (40), mangiferin (40 mg/kg).

the control group (Fig. 4B-D). However, the concentrations of
SOD and CAT, and the activity of GSH-PX were increased in
the mangiferin-treated (20 and 40 mg/kg) groups, compared
with the SCI model group (Fig. 4D). No significant difference
was observed in the concentrations of MDA, SOD or CAT,
or the activity of GSH-PX between the MPSS group and the
MAN 40 group (P>0.05).

Anti-inflammatory effects of mangiferin. To determine the
anti-inflammatory effect of mangiferin on SCI, the serum
activities of NF-kB p65 unit, TNF-a, IL-1p and IL-6 were
analyzed in the present study. The results revealed that SCI
induced the inflammatory reaction and increased the serum
activities of NF-kB p65 unit, TNF-a, IL-1f and IL-6 in the
SCI model rat group, compared with those of the control
group (Fig. 5SA-D). However, these inflammatory factors were
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Figure 4. Anti-oxidative effects of mangiferin. The anti-oxidative effects of mangiferin on the concentrations of (A) MDA, (B) SOD, (C) CAT and (D) GSH-PX
in the SCI model rats. Data are presented as the mean + standard deviation. “P<0.01, compared with the control group; “P<0.01, compared with the SCI group.
Con, control; SCI, spinal cord injury; MPSS, methylprednisolone; MAN (20), mangiferin (20 mg/kg); MAN (40), mangiferin (40 mg/kg); MDA, malondialde-
hyde; SOD, superoxide dismutase; CAT, catalase; GSH-PX, glutathione peroxidase.
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Figure 5. Anti-inflammatory effects of mangiferin. The anti-inflammatory effects of mangiferin on the serum activities of (A) NF-xB p65, (B) TNF-a,
(C) IL-1p and (D) IL-6 in SCI model rats. Data are presented as the mean + standard deviation. “P<0.01, compared with the control group; “P<0.01, compared
with the SCI group. Con, control; SCI, spinal cord injury; MPSS, methylprednisolone; MAN (20), mangiferin (20 mg/kg); MAN (40), mangiferin (40 mg/kg);

NF-«B, nuclear factor kB; TNF, tumor necrosis factor; IL, interleukin.

reduced in the mangiferin-treated (20 and 40 mg/kg) groups,
compared with those in the SCI model group (Fig. SA-D). No
significant inter-group differences in inflammatory reaction
were identified between the MPSS group and the MAN 40
group in the SCI model rat (P>0.05).

Astaxanthin alters the expression of Bcl-2 and Bax. A
previous study reported that astaxanthin adjusts the expres-
sion levels of Bcl-2 and Bax in the SCI model rat. In the
present study, the expression of Bax in the SCI model group
was significantly increased, compared with that of the control
group (Fig. 6A). Treatment with mangiferin (20 and 40 mg/kg)
reduced the expression of Bax, compared with the SCI model
group (Fig. 6A). The expression of Bcl-2 in the SCI model
group was significantly lower than that of the control group

(Fig. 6B). By contrast, the expression levels of Bcl-2 in the
mangiferin-treated (20 and 40 mg/kg) groups were enhanced
compared with that of the SCI model group (Fig. 6B). However,
no significant changes amongst the expression levels of Bcl-2
and Bax were observed between the MPSS group and the
MAN 40 group (P>0.05).

Anti-apoptotic effects of mangiferin. The results of the present
study demonstrated that the levels of caspase-3 and caspase-9
were significantly higher in the SCI group, compared with the
control group (Fig. 7A and B). However, the levels of caspase-3
and caspase-9 in the mangiferin-treated (20 and 40 mg/kg)
groups were weak, compared with that in the SCI model group
(Fig. 7A and B). No significant differences were observed
between MPSS group and the MAN 40 group (P>0.05).
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Figure 7. Anti-apoptotic effects of mangiferin. The anti-apoptotic effects of mangiferin on the levels of (A) caspase-3 and (B) caspase-9 in the SCI model rats.
Data are presented as the mean + standard deviation. “P<0.01, compared with the control group; #/P<0.01, compared with the SCI group. Con, control; SCI,
spinal cord injury; MPSS, methylprednisolone; MAN (20), mangiferin (20 mg/kg); MAN (40), mangiferin (40 mg/kg).

Discussion

SCI is characterized by high morbidity rates with serious
complications, and treatment is difficult causing significant
economic and social burdens for individuals, families and the
community (20). In the present study, mangiferin significantly
improved BBB scores and reduced the water content of the
spinal cord in the SCI model rats. In addition, the protective
action of mangiferin on SCI at a dose of 40 mg/kg was similar
to that in the MPSS group.

Oxidative stress is a basic protective mechanism of the
body, which is involved in the regulation of life activities,
including cell signal transduction, cell proliferation and
apoptosis (21). Mitochondrial dysfunction is an important
factor leading to nerve cell death following SCI, which
is directly associated with substantial accumulation of
Ca”" in the cells following injury (22). Oxidative stress
following SCI damages ion homeostasis inside and outside
the membrane, and a large quantity of Ca*" enters into the
mitochondria, accumulating inside and causing damage to
mitochondria, which leads to aerobic energy metabolism,
inhibiting the synthesis of ATP (23). In the present study,
mangiferin effectively decreased the concentrations of MDA
and augmented the concentrations of SOD and CAT, and

the activity of GSH-PX in the SCI model rats. However,
no significant differences were observed in these oxidative
stress factors between the MAN40 group and MPSS group.
Sellamuthu et al indicated that the anti-oxidative effects of
mangiferin significantly increase the levels of SOD, CAT,
GSH-PX and GSH in diabetic rats (24), and Viswanadh et al
revealed that pretreatment with mangiferin significantly
increases GSH, glutathione-S-transferase (GST), SOD and
CAT activity (25).

SCI is a common type of trauma and the pathophysiolog-
ical changes in SCI can be divided into primary mechanical
damage and consequent secondary injury. The mechanism of
secondary SCI is complex, in which inflammation is impor-
tant (26). Acute SCI can activate NF-«kB in glial cells, neural
cells and vascular endothelial cells, causing the activation of
NF-«B. The early activation of NF-kB regulates the expres-
sion levels of a series of immune and inflammatory-associated
genes at the transcriptional level, inducing a variety of inflam-
matory factors (27). Inhibiting the expression of NF-«B
activity is key in inhibiting the inflammatory response and
reducing secondary SCI (28). TNF-a, as an inflammatory
cytokine with a variety of biological activities in vivo, is
important in the inflammatory response and immune regula-
tion (29). There is evidence to indicate that, following acute
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SCI, macrophages, microglial cells, endothelial cells and
neurons can generate active NF-kB, and upregulated NF-xB
can induce the RNA expression of TNF-a (30). The rapid
and sustained increased expression of TNF-a is involved in
SCI (31). IL-1p and IL-6 are also typical inflammatory cyto-
kines following SCI, predominantly secreted by mononuclear
macrophages, neutrophils and endothelial cells (32). The
emergence of IL-1p, IL-6 and other inflammatory cytokines
can increase secondary SCI. In the SCI model in the present
study, mangiferin effectively reduced the serum activities of
NF-kB p65 unit, TNF-a, IL-1p and IL-6 in the SCI model
rats, suggesting the persistent suppression of inflammatory
factors. No significant difference was observed between
the anti-inflammatory effects of mangiferin (40 mg/kg) and
MPSS. Gong et al suggested that the effects of mangiferin
on sepsis-induced lung injury occurred viathe suppres-
sion of inflammatory factors and the upregulation of heme
oxygenase-1 in mice (33). In addition, Garcia-Rivera et al
reported that mangiferin inhibits the expression levels of
NF-«B p65 unit, TNF-a and IL-6 in MDA-MB231 cells (34).

Bax is the major gene involved in determining cell apop-
tosis in the Bcl-2 family, and promotes the mechanisms of
apoptosis. Bax can promote the release of cytochrome c,
activating caspase and leading to apoptosis; and Bcl-2 and
Bax can combine to reduce the gene expression of Bcl-2 (35).
Homodimers or heterodimers may be formed between Bcl-2
and Bax by BH1 and BH2. In order to inhibit apoptosis, Bcl-2
requires combination with Bax to form a heterodimer, and
only when the number of Bcl-2/Bax heterodimers exceeds
the numbers of Bcl-2/Bcl-2 homodimers and Bax/Bax
homodimers, can cell apoptosis be inhibited (36). Therefore,
the positive expression ratio of Bcl-2/Bax in cells directly
determines whether cells undergo apoptosis. In the present
study, mangiferin reduced the protein expression of Bax and
promoted the protein expression of Bcl-2 in the SCI model
rats. However, no significant difference was observed in the
in the levels of Bcl-2 and Bax between the MPSS group and
MAN 40 group. Pan ef al indicated that the antiproliferative
effects of mangiferin were regulated by Bcl-2 and Bax (37).
In addition, Kavitha er al concluded that mangiferin attenu-
ates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine induced
dopaminergic neurodegeneration and improves motor
impairment through downregulating the expression of
Bcl-2 and upregulating the expression of Bax in diseased
mice (38). Pal er al demonstrated that mangiferin protects
the murine liver in Pb (II)-induced hepatic damage and cell
death through regulation of the Bcl-2/Bax pathways (39).

The present study demonstrated that mangiferin
protected spinal cord cells by suppressing apoptosis and
reducing the levels of caspase-3/9 in the SCI model rats. No
significant changes in antiapoptitic effects were detected
between the MPSS group and MAN 40 group. Similarly,
Ghosh er al reported that mangiferin protects rat kidneys
in DGal-induced oxidative stress and acute nephrotoxicity
through caspase-3/9 activities (40). In conclusion, the find-
ings of the present study established, for the first time, that
mangiferin attenuated contusive SCI in rats and provided
effective protection against oxidative stress, inflammation
and apoptosis in the SCI rats through the Bcl-2/Bax signaling
pathway.
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