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Abstract

Deferoxamine, a clinically safe drug used for treating iron overload, also repairs spinal cord injury although the mechanism for this action
remains unknown. Here, we determined whether deferoxamine was therapeutic in a rat model of spinal cord injury and explored potential
mechanisms for this effect. Spinal cord injury was induced by impacting the spinal cord at the thoracic T,, vertebra level. One group of injured
rats received deferoxamine, a second injured group received saline, and a third group was sham operated. Both 2 days and 2 weeks after spinal
cord injury, total iron ion levels and protein expression levels of the proinflammatory cytokines tumor necrosis factor-a and interleukin-1p
and the pro-apoptotic protein caspase-3 in the spinal cords of the injured deferoxamine-treated rats were significantly lower than those in the
injured saline-treated group. The percentage of the area positive for glial fibrillary acidic protein immunoreactivity and the number of terminal
deoxynucleotidyl transferase dUTP nick end labeling-positive cells were also significantly decreased both 2 days and 2 weeks post injury, while
the number of NeuN-positive cells and the percentage of the area positive for the oligodendrocyte marker CNPase were increased in the injured
deferoxamine-treated rats. At 14-56 days post injury, hind limb motor function in the deferoxamine-treated rats was superior to that in the
saline-treated rats. These results suggest that deferoxamine decreases total iron ion, tumor necrosis factor-a, interleukin-1f, and caspase-3 ex-
pression levels after spinal cord injury and inhibits apoptosis and glial scar formation to promote motor function recovery.
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Introduction

Spinal cord injury (SCI) can be divided into two major
phases: the primary injury phase and the secondary injury
phase. Investigation into the pathophysiology of second-
ary injury has revealed a number of proposed underlying
mechanisms, including ischemia, edema, ion homeostasis
changes, biochemical alterations, and metabolic disorders,
that result in cell death and tissue damage (Ahn et al., 2006;
Genovese et al.,, 2007; Oyinbo, 2011; Wang et al., 2011).
However, the cascade of the inflammatory responses elicit-
ed by tumor necrosis factor-a (TNF-a) is considered to be
central to secondary injury (Si et al., 2000; Leal-Filho, 2011;
Oyinbo, 2011).

The influx of erythrocytes caused by hemorrhage during
SCI provides a rich source of iron (Koszyca et al., 2002). Iron
plays an important role in glutamate excitotoxicity in spinal
cord motor neurons. Free iron can also lead to formation
of reactive oxygen species through the Fenton reaction,
producing free radicals that contribute to secondary inju-
ry (Emerit et al., 2001; Liu et al., 2003; Routhe and Moos,
2015).

Deferoxamine (DFO), an iron chelator, has a high affinity
for trivalent iron ions and is used therapeutically for treat-
ment of chronic hyperferremia and acute iron poisoning.
Previous studies have demonstrated that treatment with
DFO can also promote recovery after SCI in rats (Genovese
et al., 2007; Liu et al., 2011). Treatment with DFO reduces
lesion volume in vivo and increases regeneration in vitro.
Chelation of iron appears to block secondary damage, and
experiments aimed at elucidating the underlying mechanism
revealed that DFO inhibits lipid peroxidation (Chojnacki
and Weiss, 2008).

Recently, modulation of inflammatory responses in SCI
has come under investigation (Li et al., 2016). Vigorous im-
mune responses induced by SCI have been shown to contrib-
ute to secondary cell death (Zoppi et al., 2011). Production
of TNF-a, primarily by macrophages and microglial cells,
enhances the inflammatory response, upregulates intercellu-
lar adhesion molecules, and promotes adhesion and recruit-
ment of leukocytes to the site of injury. These leukocytes re-
lease free radicals, proteases, and toxic oxidative metabolites,
triggering a damage cascade that worsens inflammation.

Here, we explored the effect of DFO on levels of the major
proinflammatory cytokines, TNF-a and interleukin-1f (IL-
1B), to further investigate the understanding of the mecha-
nisms underlying DFO-induced neural repair in SCI. TNF-a
and IL-1P have been shown to induce neuronal apoptosis af-
ter SCI (Wang et al., 2005; de Rivero Vaccari et al., 2008). We
detected whether DFO treatment reduced apoptosis in this
rat model and whether DFO prevented glial scar formation.

Materials and Methods

Animals

Female Wistar rats (n = 54) weighing 230-250 g were pro-
vided by the Institute of Radiation Medicine, Chinese Acad-
emy of Medical Sciences, Tianjin, China. Rats were housed
and maintained on a 12-hour light/dark cycle, and allowed
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free access to food and water. The rats were kept in standard
cages, with five animals per cage.

The study protocol was approved by the Ethics Committee
of Tianjin Medical University (Approval No. TMUAMEC
20170004). The experimental procedure followed the United
States National Institutes of Health Guide for the Care and
Use of Laboratory Animal (NIH Publication No. 85-23, re-
vised 1986), and “Consensus Author Guidelines on Animal
Ethics and Welfare” produced by the international Associa-
tion for Veterinary Editors (IAVE).

The 54 rats were randomly allocated to three different
groups containing 18 animals per group: sham group (sh-
am-operated), injury group (SCI + saline-treated), and
injury + DFO group (SCI + DFO-treated). Within each
group, 3 rats were used for iron detection at 2 days and 3
more rats were used at 2 weeks post-SCI; 3 rats were used
for hematoxylin and eosin staining and glial fibrillary acid-
ic protein (GFAP), NeuN, 2',3"-cyclic-nucleotide 3'-phos-
phodiesterase (CNPase), and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) detection
assays at 2 days post-SCI, and 3 more rats for the same as-
says at 8 weeks post-SCI; and 3 rats were used for western
blot assays at 2 days and 3 more rats at 2 weeks post-SCI.

SCI and intervention

Rats were anesthetized by intraperitoneal injection with
10% chloral hydrate (0.3 mL/100 g body weight). SCI mod-
els were established using a modification of Allen’s method
(Koozekanani et al., 1976). Briefly, a laminectomy was per-
formed at the T,_, thoracic vertebrae level to expose the
spinal cord at T,,. SCI was induced by New York University
Impactor device (NYU, New York, NY, USA) using a 10 g-rod
and a 25-mm drop height. The hind limbs of the rats exhib-
ited involuntary spasms and the tails wriggled, indicating
that the injury was consistent with the criteria of SCI in this
model. After surgery, each rat was placed in a constant-tem-
perature cage until fully recovered from the anesthesia.
During the postoperative period, the bladder of each rat was
manually voided twice daily until the bladder control reflex
was restored.

The sham group was subjected only to laminectomy.
The injury + DFO group was subjected to SCI and then
treated with intraperitoneal injections from day 0 to day
7 with DFO (100 mg/kg per day; Novartis, Basel, Switzer-
land; 500 mg dissolved in 5 mL of 0.9% normal saline).
Another control group (injury group) was also subjected
to SCI, but was treated with intraperitoneal injections of
saline (1 mL/kg).

Histological analysis

Rats were sacrificed at 2 days or 56 days post-SCI. Two rats
randomly selected from each group were intracardially
perfused with 4% paraformaldehyde under anesthesia. The
spinal cord, including the entire T,_,, segment, was dissected
and fixed in 4% paraformaldehyde solution. The specimens
were embedded in paraffin and cut into 5-um cross sections
using a cryostat. The sections were stained with hematoxylin
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and eosin. The histopathological analysis was performed by
a pathologist who was blinded to the experimental design.
The number of nuclei was calculated to show the pathologi-
cal differences among the groups.

Immunohistochemistry and immunofluorescence

Rats were sacrificed 2 days or 8 weeks post-SCI. For im-
munohistochemical staining, paraffin sections (5 um)
from each specimen were deparaffinized with xylene
(two times for 30 minutes each), rehydrated in graded
concentrations of ethanol (twice exposures to each of the
following concentrations: 100%, 95%, 85%, and 75%), and
washed in phosphate-buffered saline (PBS) for 5 minutes.
The sections were then incubated with a rabbit anti-rat
NeuN monoclonal antibody (1:500; Abcam, Branford, CT,
USA) to detect neurons or a rabbit anti-rat CNPase mono-
clonal antibody (1:100; Proteintech Rosemont, IL, USA)
to detect oligodendrocytes overnight at 4°C. After being
washed in PBS for 5 minutes, the sections were incubated
with goat anti-rabbit IgG (1:200; Beyotime, Haimen, Jiang-
su Province, China) for 30 minutes at 37°C. Subsequently,
the sections were incubated with avidin-biotin-peroxidase
(Beyotime) for 45 minutes at 37°C and then transferred to
a solution containing 30% hydrogen peroxide in 0.05 M
PBS containing 1 drop of 3,3'-diaminobenzidine (0.0125
g/25 mL) for 10 minutes at 37°C. After being washed in
PBS, the sections were dehydrated in series of increasing
concentrations of ethanol (25%, 50%, 80%, 100%; twice at
each concentration), washed twice with xylene, and then
mounted onto glass slides for microscopic analysis. Image
] software (version 2.1.4.7; National Institutes of Health,
Bethesda, MD, USA) was used to assess the percentages of
the areas in sections that were immunopositive.

For immunofluorescence, the sections were rehydrated
as described above and incubated with a primary antibody
(polyclonal goat anti-rat GFAP, 1:400; Abcam) overnight
at 4°C. The next day, the sections were washed twice for
5 minutes each in PBS and incubated with a Cy3-labeled
donkey anti-goat IgG secondary antibody (1:200; Beyotime)
for 60 minutes at room temperature. PBS was used to wash
the sections, and nuclei were stained with 4',6-diamidi-
no-2-phenylindole (DAPI, 1 g/mL; Biosharp, Hefei, Anhui
Province, China) for 5 minutes. The sections were washed,
and one drop of anti-fade mounting medium (Solarbio,
Beijing, China) was placed on each slide, and a coverslip
was placed on top of each sample. All sections were photo-
graphed using an inverted fluorescence microscope (IX71,
Olympus, Tokyo, Japan).

Western blot assay

Rats were sacrificed 2 days or 2 weeks post-SCI. After being
anesthetized, the rats were intracardially perfused with 9%
saline (300 mL per rat; 4°C). Control and injured spinal
cord tissue (0.5 cm above and below the site of injury) was
dissected, frozen in liquid nitrogen, and stored at —80°C.
After being homogenized, tissue samples were centrifuged
at 12,000 x g for 15 minutes at 4°C. The supernatants were

collected, and total protein was extracted from tissues and
quantified using a Bicinchoninic Acid Protein Assay kit
according to the manufacturer’s instructions (Wanleibio;
Shenyang, Liaoning Province, China). Proteins were re-
solved on 10% sodium dodecyl sulfate-polyacrylamide gels
and transferred to polyvinylidene fluoride membranes. The
membranes were blocked in 5% fat-free milk in PBS for 60
minutes and then incubated overnight at 4°C with the fol-
lowing primary antibodies: anti-IL-1p (1:500; Wanleibio),
anti-TNF-a (1:500; Wanleibio), anti-caspase-3 (1:500;
Wanleibio), and anti-B-actin (1:10,000; Wanleibio). The
membranes were then washed with PBS and subsequently
incubated at 37°C for 45 minutes with goat anti-rabbit IgG
horseradish peroxidase-conjugated secondary antibodies
(1:10,000; Wanleibio). Bands were visualized using chemi-
luminescence on X-ray film (Kodak, Rochester, NY, USA).
Band grayscale values were quantified using Gel-Pro Ana-
lyzer software (Media Cybernetics, Rockville, MD, USA),
and all grayscale values were normalized to that of B-actin.
All assays were performed in triplicate.

Total iron detection

Spinal cord samples were collected as described above and
homogenized under ice-cold conditions. Iron levels of spi-
nal cords at 2 days and 2 weeks post-SCI were detected by
following the tissue iron assay kit instructions (Nanjing Ji-
ancheng Bioengineering Institute, Nanjing, Jiangsu Province,
China). All assays were performed in triplicate.

TUNEL assay

Rats were sacrificed 2 days or 2 weeks post-SCI. The
TUNEL assay was performed using an In Situ Cell Death
Detection kit (Roche, USA) according to the manufactur-
er’s recommended instructions. Briefly, spinal cord sections
were rehydrated and incubated for 15-30 minutes at 37°C
with the Proteinase K working solution. Subsequently, the
slides were rinsed twice with PBS. The Converter-POD
solution (50 pL) was added to the sections, which were
then incubated in a humidified chamber for 30 minutes at
37°C and washed three times with PBS. The 3,3'-diamino-
benzidine substrate (50-100 uL) was added to each sam-
ple, which was then incubated for 10 minutes at 25°C and
washed three times. The samples were mounted under glass
coverslips using glycerol.

Behavioral evaluation

Recovery of locomotor function post-SCI was evaluated
using the Basso, Beattie, Bresnahan (BBB) locomotor rating
scale (Barros Filho and Molina, 2008). This scale ranges
from 0 to 21, with complete paralysis scored 0 and normal
locomotor function scored 21. Each rat was evaluated week-
ly post-SCI by two independent observers blinded to the
experimental design. The rats were allowed to move freely in
an open field apparatus (1 m x 1 m), and their movements
were recorded for 5 minutes. The BBB scores were deter-
mined 0, 7, 14, 21, 28, 35, 42, 49, and 56 days post-SCI to
assess locomotor recovery.
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Statistical analysis

All data are presented as the mean + SEM. All statistical
analyses were conducted using SPSS 19.0 software (IBM
Corporation, NY, USA). Significant differences among
groups were assessed by one-way analysis of variance fol-
lowed by Tukey’s post hoc test. P-values less than 0.05 were
considered statistically significant.

Results

DFO treatment blocked the SCI-induced increase in iron
levels

Iron overload in injured spinal cord tissue plays a detrimental
role in secondary injury. To analyze changes in iron concentra-
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Figure 1 Deferoxamine (DFO) effects on total iron levels in rats with
spinal cord injury.

Compared with that in sham-operated rats, the iron level at the in-
jury site is significantly higher 2 days after the damage (**P < 0.01).
DFO-treated rats show iron levels markedly lower than those in injured
saline-treated rats and similar to those in the sham-operated rats, es-
pecially 2 weeks post injury (***P < 0.001). Data are expressed as the
mean + SEM (n = 3 per group, one-way analysis of variance followed by
Tukey’s post hoc test). DFO: Deferoxamine.

2 weeks

tions post-SCI, iron levels were analyzed in rats from the sham,
injury, and injury + DFO groups at 2 days and 2 weeks after
injury (Figure 1). Compared with those in the sham group,
iron levels significantly increased in the injury group 2 and 14
days post-SCI (P < 0.01, P < 0.001). By contrast, iron levels in
the injured rats treated with DFO were not significantly differ-
ent from those in the sham group, but were significantly lower
than those in saline-treated SCI rats 2 days and 2 weeks post-
SCI (P < 0.01 and P < 0.001, respectively). Thus, DFO exhibited
a strong efficacy to maintain the iron level of the injured spinal
cord at a level similar to that of uninjured tissue.

DFO treatment blocked the SCI-induced increase in IL-1f
and TNF-a protein expression

TNF-a and IL-1p, as key proinflammatory cytokines, play
a dominant role in inflammatory reactions during the
secondary injury phase. To assess the anti-inflammatory
effects of DFO, we analyzed protein expression of TNF-a
and IL-1p 2 days and 2 weeks post-SCI (Figure 2). We
found that TNF-a and IL-1f protein levels were significant-
ly increased 2 days and 2 weeks post-SCI (P < 0.001). By
contrast, injured rats treated with DFO showed TNF-a and
IL-1p protein levels similar to those in sham-operated rats
and significantly lower than those in saline-treated injured
rats. These results suggested a prolonged inhibitory effect
of DFO on the expression of TNF-a and IL-1p during both
the acute and chronic phases post-SCI (P < 0.001) and pro-
vided evidence for the effective anti-inflammatory activity
of DFO after SCL

DFO ameliorated SCI-induced pathological morphology
To determine the effects of DFO on the histological changes
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Figure 2 DFO effects on TNF-a, IL-1p, and caspase-3 protein expression levels in the injured spinal cord of rats.

Expression profiles for the pro-inflammatory cytokines IL-1 (A, B) and TNF-a (C, D). Expression was analyzed by western blot assays 2 days and
2 weeks after spinal cord injury. Compared with the injury group, DFO-treated animals have significantly lower protein levels of IL-1p and TNF-a
(***P < 0.001) but similar levels to those in the sham-operated rats 2 days and 2 weeks post injury. Data are expressed as the mean + SEM (n = 3
per group, one-way analysis of variance followed by Tukey’s post hoc test). Grayscale values of the immunopositive bands were analyzed using Im-
age] and normalized to B-actin. DFO: Deferoxamine; TNF-a: tumor necrosis factor-a; IL-1p: interleukin 1p.
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Figure 3 DFO effects on pathological morphology in injured spinal cord of rats.

Images of hematoxylin and eosin stained transverse spinal cord sections at the center of the injury were obtained using an inverted fluorescence
microscope. Scale bars: 50 pm. (A—E) Injured spinal cord tissue sections 2 days post injury in the sham (A), injury (B) and injury + DFO groups (C),
and at 8 weeks post injury in the injury (D) and injury + DFO groups (E). (A) Sham group shows normal spinal cord and structure. The injury (B)
and injury + DFO groups (C) reveal damaged structure and hemorrhagic spinal cord 2 days post injury. (F) At 8 weeks post injury, the injury group
presents considerable cell proliferation and new blood vessel formation, whereas cell proliferation is low in the injury + DFO group (***P < 0.001).
Data are expressed as the mean + SEM (n = 3 per group, one-way analysis of variance followed by Tukey’s post hoc test). DFO: Deferoxamine.
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Figure 4 DFO effects on glial scars in the injured spinal cord of rats.

Immunohistofluorescent images of GFAP-positive cells in transverse sections captured using an inverted fluorescence microscope at the center of
injured spinal cord. Scale bars: 50 pm. (A—C) Results 2 days post injury. GFAP-positive (+) cells are red, and cell nuclei are blue (DAPI) in sham (A),
injury (B), and injury + DFO (C) groups. The GFAP(+) area in the injury group is substantially larger than that in the sham group, which is similar
to that in the injury + DFO group. (B, C) At 8 weeks post injury, the percentage of the GFAP (+) area in each group is similar to that at 2 days post
injury, with the percentages of the GFAP(+) areas in both the sham (image not showed) and injury + DFO (E) groups lower than that in the injury
group (D). (F) Quantitation of the percentage of the area that is glial scar as assessed by the percentage of GFAP (+) cells. ***P < 0.001 for the indi-
cated comparisons. Data are expressed as the mean + SEM (n = 3 per group, one-way analysis of variance followed by Tukey’s post hoc test). GFAP:
Glial fibrillary acidic protein; DFO: deferoxamine.

whereas neovascularization in injured rats treated with DFO
was decreased.

post-SCI, hematoxylin and eosin staining was conducted
2 days and 8 weeks post injury on tissue obtained from
each group (Figure 3). Compared with spinal cord tissue

from rats in the sham group, tissue from both DFO- and
saline-treated rats with SCI showed obvious morphological
changes, leaked erythrocytes, and severe spinal cord struc-
tural disorder 2 days post injury. However, 8 weeks post-
SCI, we observed a substantial and significant increase in
cell number (P < 0.001 compared with sham-operated rats)
as well as increased neovascularization in the injury group,

DFO treatment reduced glial scar formation post-SCI

To analyze the effects of DFO on scar formation post-SCI,
we examined the expression of GFAP, a major component
of the scar matrix (Figure 4). Compared with that in the
injury group, the percentage of the GFAP-positive area in
the injured rats treated with DFO was significantly lower,
and it was only slightly higher than that observed in the
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sham group 2 days post-SCI (P < 0.001). At 8 weeks post-
SCI, glial scar formation was observed surrounding the
crushed area in the injured saline-treated rats. The per-
centage of the area with glial scars was significantly lower
in the DFO-treated rats than in the saline-treated rats (P
< 0.001). These results indicated that DFO treatment de-
creased scar formation after SCI.

DFO treatment protected neurons and increased
expression of CNPase

Neurons are critical for the normal functioning of the cen-
tral nervous system, and neuronal death results in perma-
nent functional loss. The myelin sheath increases the speed
of impulse propagation along myelinated neuronal fibers.
In the sham group, a large number of NeuN-positive (+)
cells were detected and appeared to have normal morpholo-
gy (Figure 5). Although NeuN(+) cells were also present in
the injury group 2 days post-SCI, they were smaller in size
and appeared markedly degenerated. In comparison, the
number of surviving neurons was higher in the DFO-treat-
ed rats 2 days post-SCI (P < 0.05). At 8 weeks post-SCI, few
NeuN(+) cells were found in the injured saline-treated rats,
and a large glial scar was observed. By contrast, numerous
NeuN(+) cells were present at 8 weeks in rats treated with
DFO (P < 0.01).

Compared with that from the sham group, spinal cord tis-
sue derived from both DFO- and saline-treated injured rats
displayed similar reductions in the percentage of area that
was CNPase(+) 2 days post-SCI (P < 0.001). However, DFO
treatment was associated with a significant increase in the
CNPase(+) area at 8 weeks compared with that for rats in
the injury group (P < 0.01; Figure 6). These results indicated
that DFO had a protective effect on neuronal survival and
maintenance of the myelin sheath post-SCI.

DFO inhibited apoptosis post-SCI

To determine whether apoptosis was involved in the re-
sponse to SCI, we analyzed caspase-3 protein expression and
conducted a TUNEL assay (Figure 7). At 2 days post-SCI,
caspase-3 expression was markedly and significantly in-
creased in the injury group compared with that in the sham
group. However, DFO-treated rats displayed slightly higher
caspase-3 protein expression levels than the sham-operated
rats and significantly lower expression than the injured sa-
line-treated rats. Furthermore, in contrast to the continued
high expression level observed in the injured saline-treated
rats, caspase-3 levels in DFO-treated rats were comparable
to those in the sham-operated rats 2 weeks post-SCI (Figure
7A, B). The TUNEL assay was conducted to confirm the
differences in apoptosis levels among the treatment groups.
Consistent with the caspase-3 results, a significantly high-
er number of TUNEL-positive cells was observed in the
injury group relative to both the sham group, which had
zero TUNEL-positive cells, and injury + DFO group, which
showed a few scattered TUNEL-positive cells 2 days post-
SCL. These results provided evidence that DFO treatment
strongly inhibits apoptosis in injured spinal cord tissue.
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DFO treatment promotee locomotor recovery after SCI
The BBB scale was used to evaluate the therapeutic effect
of DFO on locomotor recovery 0, 7, 14, 21, 28, 35, 42, 49,
and 56 days post-SCI (Figure 8). On day 0, the sham group
received the highest BBB score possible (21), whereas both
the injured groups scored the lowest possible (0), demon-
strating the validity of this rat model of SCI. The scores
increased in both injured groups over time. However, by
7 days post-SCI, there was a statistically significant dif-
ference in BBB scores between the injured DFO- and sa-
line-treated rats (P < 0.05). At 56 days post-SCI, the mean
BBB score was 14 + 0.577 in the saline-treated rats and 18
+ 0.333 in the DFO-treated rats (P < 0.001). These results
indicated that DFO exhibited therapeutic efficacy after SCI
in rats.

Discussion

Secondary SCI is an important process for early treatment
of SCI (Huang et al., 2015; Young et al., 2015; Zhao et al,,
2015). SCI-induced inflammatory responses play an im-
portant role in the secondary injury phase. Inflammatory
cytokines and mediators are the basic effector molecules
that participate in and control the inflammatory response.
TNF-a, IL-1f, and other inflammatory mediators infiltrate
the injured spinal cord tissue, thereby causing a strong in-
flammatory cascade response (Yin et al., 2012).

Expression of these cytokines and the resulting inflam-
matory responses are the initiating factors that lead to
neuronal apoptosis (Paulson et al., 2013), which is the key
form of secondary injury after the initial insult. There-
fore, control of the initial inflammatory response is very
important for treating SCI and preventing further injury
(David et al., 2012). Thus, identification of therapeutic
means to inhibit inflammatory responses after SCI could
help to reduce secondary SCI and protect the injured spi-
nal cord.

As an important regulator of neuroinflammation, TNF-a
is produced by many immune and non-immune cells, in-
cluding macrophages, T cells, mast cells, granulocytes, nat-
ural killer cells, fibroblasts, neurons, and has been shown to
play important roles in signal transduction and posttraumat-
ic inflammatory responses (Esposito and Cuzzocrea, 2011;
Olmos and Llado, 2014).

Harrington et al. (2005) demonstrated increased expres-
sion of TNF-a and its receptors in neurons 6 hours post-SCI.
Previous studies have shown that rapid and sustained high
expression of TNF-a increases the inflammatory response
and promotes secondary injury (Kwon et al., 2012). Thus,
preventing the upregulation of TNF-a during the early stage
of SCI could reduce inflammatory responses at the injured
site. Macrophages are triggered by central nervous system
injury and contribute to secondary injury and functional
damage (David and Kroner, 2011).

Post-SCI, macrophage phagocytosis of myelin and
erythrocytes, released following hemorrhage and tissue
damage, results in high iron levels in cells, which could
induce overexpression of TNF-a and transformation of



Hao et al. / Neural Regeneration Research. 2017;12(6):959-968.

macrophages from the M2 to the M1 phenotype and then
aggravate secondary injury (Kroner et al., 2014). Impor-
tantly, M2 macrophages reduce local inflammation and
protect the spinal cord from further injury (Kigerl et al.,
2009), whereas M1 macrophages aggravate the inflamma-
tory response and promote secondary injury, suggesting
a potential underlying mechanism explaining the positive
effects of DFO treatment. As an iron chelator, DFO may
reduce the iron ion level, and our results showed that DFO
treatment significantly reduced the iron concentration at
the site of SCI, especially 2 weeks post injury, consistent
with previous studies (de Castro et al., 1999).

Our data also confirmed that DFO inhibited the expres-
sion of TNF-a, as well as IL-1fp. Thus DFO reduced the
concentration of iron ions in the injured segment and in-
hibited TNF-a expression, which may block the transfor-
mation of M2 macrophages to the M1 phenotype, thereby
reducing inflammation and protecting against further SCL

Our results demonstrated that DFO reduced the SCI-in-
duced expression of IL-1f, as well as caspase-3, and de-
creased the neuronal apoptosis observed after SCI. Interleu-
kin-1P has been shown to inhibit nerve regeneration after
SCI (David and Kroner, 2011), and IL-1 receptor antago-
nists reduce neuronal apoptosis, alleviating damage after
injury and serving as protective agents (Nesic et al., 2001).

After injury, pro-inflammatory cytokines induce prima-
ry inflammation and promote tissue remodeling. Soluble
alarmins and high-mobility group box 1 are expressed, ac-
tivating toll-like receptor-4 and the receptor for advanced
glycation end-products. These receptors activate signaling
pathways that increase expression of IL-1p, activate the
nuclear factor-«B cell signaling pathway, and lead to sec-
ondary inflammation in SCI. This vicious cycle results in
persistent inflammation (Didangelos et al., 2016).

Previous studies have demonstrated that DFO can inhibit
nuclear factor-«B signaling pathways and reduce infiltration
of neutrophils into the spinal cord, thereby diminishing the
local inflammatory response (Paterniti et al., 2010). How-
ever, the present study did not address the effect of DFO on
inflammatory factors, which are the major mediators of the
inflammatory response. Therefore, in future studies, it will
be important to determine DFO effects on these inflam-
matory factors to better understand the protective mecha-
nisms underlying the benefits of DFO after SCI. Our results
demonstrated that DFO decreased IL-1P expression and
reduced the inflammatory response after injury, decreas-
ing neuronal apoptosis and protecting against further SCI.
The mechanism by which DFO reduces the inflammatory
response may be through inhibition of high mobility group
box 1 production or decreased expression of toll-like re-
ceptor-4 and the receptor for advanced glycation end-prod-
ucts, interrupting the vicious inflammatory response cycle
and protecting against SCI. Further experiments will be
required to test these hypotheses.

DFO directly decreased iron levels at the injured site and
reduced apoptosis. The underlying relationship of reduced
iron levels and apoptosis may be affected by myriad factors.

For example, reactive oxygen species, induced by iron, usual-
ly leads to cell death upon injury; apoptosis, which is a form
of programmed cell death, is reduced by DFO treatment
post-SCI (Fankhauser et al., 2000). Additionally, TNF-a and
IL-1P have been implicated as signals to induce apoptosis
in neurons, astrocytes, and oligodendrocytes after SCI. The
reduction of proinflammatory cytokines after DFO treatment
abolishes the apoptotic cascade (Ehrlich et al., 1999). DFO
promotes neuronal survival, as we showed in the present study
using a TUNEL assay. The neuroprotective effect can also be
observed as the protection of oligodendrocytes, which create
the neuronal myelin sheaths (Takahashi et al., 2003). Therefore,
DFO showed a protective effect on nerve function following
SCI. Recent studies indicate that other forms of cell death are
also found after SCI, such as necroptosis, ferroptosis and auto-
phagy. The relationship between iron levels and other types of
cell death in SCI remains to be elucidated.

The glial scar, which serves as a physiological barrier that
blocks neuronal axon regeneration and inhibits functional
recovery, is associated with astrocyte proliferation. The glial
scar also contributes to the inhibition of the posttraumatic
cavitation and inflammation in the early stage after SCI.
However, only moderate astrocyte proliferation may prevent
the spread of harmful factors in the early stage of SCI and
provide protection for SCI repair. Excessive activated astro-
cytes will eventually form a dense glial scar, which obstructs
the extension of the regenerated axons. Iron, as an essential
factor involved in cell proliferation, is chelated by DFO and
thereby inhibits astrocyte proliferation. The anti-prolifera-
tion effect of iron chelators has been well studied. DFO caus-
es the arrest of the G1/S phases of the cell cycle and inhibits
the gliogenesis associated with proliferation of activated
astrocytes (Yu et al., 2007). Thus, DFO might effectively
control glial scar formation by inhibiting the proliferation
of astrocytes. The present study found that DFO treatment
reduced the expression of proinflammatory cytokines, which
are also inducers of glial scar formation.

In summary, DFO exhibited treatment efficacy in an animal
model of SCI by ameliorating pathophysiological morphology
and improving locomotor function. The underlying mech-
anism may involve reduction of local iron concentrations
resulting from hemorrhage in the injured spinal cord and
subsequent decreases in TNF-a and IL-1p levels released by
macrophages and microglia as a result of the reduced iron
levels. These changes in cytokine expression may facilitate
macrophage shifts from the M1 to the M2 phenotype, thereby
inhibiting inflammatory reactions during secondary SCI. Con-
sequent reductions in levels of apoptosis post-SCI and rescue of
remaining neurons and oligodendrocytes likely underlie both
the ameliorated pathophysiology and recovery of locomotor
function. This study provided a potential new pharmacologic
strategy for treatment of SCI, began to elucidate the detailed
underlying mechanism for this therapy, and provided evidence
indicating that further preclinical and clinical investigation for
the therapeutic use of DFO in SCI is warranted.
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Figure 5 DFO effects on the number of NeuN(+) neurons in injured spinal cord of rats.

(A-E) Images of immunohistochemistry sections obtained using an inverted fluorescence microscope. Scale bars: 100 um. (A) Normal neurons
are observed 2 days post injury in the sham group. (B) By contrast, the neurons appeared to have shrunken, the tissue structure is damaged, and
there is inflammatory cell infiltration 2 days post injury in the injury group. (C) Residual neurons are observed in the injury + DFO group 2 days
post injury. (D) However, there are fewer neurons in the injury group compared with injury + DFO group 8 weeks post injury. (E) In the injury +
DFO group 8 weeks post injury, there is an evident restoration of neuronal number and morphology compared with injury group. (F) The number
of NeuN-positive cells was counted in the three groups and found to be significantly different between the injured saline- and DFO-treated rats at
both 2 days and 8 weeks post injury (*P < 0.05, **P < 0.01, ***P < 0.01 for the comparisons indicated). Data are expressed as the mean + SEM (n =
3 per group, one-way analysis of variance followed by Tukey’s post hoc test). DFO: Deferoxamine.
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Figure 6 DFO effects on the number of oligodendrocytes in injured spinal cord of rats (inverted fluorescence microscope).

(A-E) Spinal cord samples collected 2 days (A, B, C) and 8 weeks (D, E) post injury. Scale bars: 100 um. The CNPase(+) area shows normal mor-
phology in the sham group (A). The tissue structure is damaged, the percentage of the CNPase(+) area is lower compared with the sham group, and
the CNPase(+) area is atrophic in the injury group (B). The CNPase(+) area in the sham group has a normal structure, while in the injury group
(D), the tissue structure is damaged, with a lower percentage of the area that is CNPase(+). The percentage of the CNPase(+) area and the tissue
structure in the CNPase(+) area of the injury + DFO group (E) is larger than that in injury group. (F) There are no differences in the percentages of
CNPase(+) areas between the injured saline- and DFO-treated rats at 2 days, but these groups are significantly different at 8 weeks post injury (**P
<0.01, ***P < 0.001 for the comparisons indicated; mean + SEM, n = 3 per group, one-way analysis of variance followed by Tukey’s post hoc test).
DFO: Deferoxamine.
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Figure 7 DFO effects on cell apoptosis in the injured spinal cord of rats.
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(A, B) Caspase-3 levels are markedly increased in the injury group 2 days and 2 weeks post injury. DFO treatment (Injury + DFO) reduces the
caspase-3 protein expression level compared with that in saline-treated injured spinal cord. Band intensity analysis reveals a significant difference
between the injured saline- and DFO-treated rats (***P < 0.001 for the comparisons indicated). (C-F) The TUNEL assay results reveal neurons
with normal morphology (black arrows) that are not positive for TUNEL in the sham group. However, 2 days post spinal cord injury, the number of
TUNEL-positive cells (red arrows) increases markedly in the injury group (D) (***P < 0.001), whereas the number of TUNEL-positive cells is low-
er in the injury + DFO group (E). Scale bars: 100 um. (F) Statistical analysis reveals that the DFO-treated rats have a significantly lower number of
TUNEL-positive cells than the saline-treated injured rats 2 days post injury (**P < 0.01; mean + SEM, n = 3 per group, one-way analysis of variance
followed by Tukey’s post hoc test). TUNEL: Terminal deoxynucleotidyl transferase dUTP nick endlabeling; DFO: deferoxamine.
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Figure 8 DFO effects on motor function in rats after spinal cord injury.
All groups exhibit increasing BBB scores over time. The first evaluation
was conducted immediately after laminectomy in all groups. No statisti-
cally significant differences in BBB scores are initially observed between
the injured saline- (Injury) and DFO-treated (Injury + DFO) rats (P >
0.05), whereas the BBB scores in the sham-operated rats were significant-
ly different from both the injured saline- and DFO-treated rats (¥**P <
0.001). However, beginning at the second evaluation 2 weeks-post injury,
the BBB scores for the injured saline- and DFO-treated rats were signifi-
cantly different from each other (*P < 0.05; mean + SEM, n = 3 per group,
one-way analysis of variance followed by Tukey’s post hoc test). DFO:
Deferoxamine; BBB: Basso, Beattie, Bresnahan locomotor rating scale.
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