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Previous reports showed that 2-(-2-benzofuranyl)-2-imidazoline (2-BFI) has antioxidant,
anti-inflammatory and anti-apoptotic effects on neuroprotection in numerous disorders.
However, the precise mechanisms remain elusive. The nuclear factor c factor 2
(Nrf2)/antioxidant response element (ARE) signaling pathway plays an important and
essential role in the antioxidant and anti-inflammatory responses of the cell. Therefore,
the purpose of this study was to investigate the potential neuroprotective effects
of 2-BFI in a rat model of spinal cord injury (SCI) and to determine whether its
neuroprotective effects are associated with the activation of Nrf2. To test this hypothesis,
we examined the potential roles of 2-BFI in SCI models which were established in rats
using a clip-compression injury method. Our results showed that treatment with 2-BFI
twice daily improved locomotion recovery from SCI, which increased Nrf2 expression
in both neurons and astrocytes, meanwhile, the level of heme oxygenase-1 (HO-
1) also significantly enhanced. In addition, after the treatment with 2-BFI increased
levels of superoxidase dismutase (SOD) and glutathione peroxidase (GPx) indicated the
antioxidant effect of the drug. Furthermore, the upregulation of Bcl-2 and downregulation
of Bax and caspase-3 implied antiapoptotic effects on neuroprotection of 2-BFI, which
were verified by the Fluoro-Jade B (FJB) staining and TUNEL staining. Collectively, these
results add to a growing body of evidence supporting that 2-BFI may attenuate SCI
mediated by activation of the Nrf2/HO-1 signaling pathway.
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INTRODUCTION

Spinal cord injury (SCI) is one of themost serious conditions that
cause limb and trunk dysfunction in countries worldwide. Over
1 million patients live with an SCI, and more than 12,000 new
cases of SCI are reported each year in the United States
(Hachem et al., 2017). SCI involves biphasic pathophysiological
stages that influence the severity of dysfunction. Although the
pathophysiology of SCI has been continuously investigated,
the precise pathogenesis has not yet been fully elucidated.
Several studies revealed the pathophysiology of injury,
including neuronal inflammation, reactive changes in the
glia, oxidative stress, neuronal degeneration and apoptosis
(Chen et al., 2018; Lu et al., 2018; Meng et al., 2018).
Disturbances in the spinal cord blood flow (SCBF), severely
reduced oxygen levels, perfusion defects, hemorrhage,
ischemia, and hypoxia have been demonstrated as a focus
of post-injury pathophysiological changes of acute SCI (Huo
et al., 2019).

Imidazoline receptors (IRs) originally referred to the
binding sites that are recognized by radiolabeled adrenergic
ligands, are insensitive to norepinephrine and are not
adrenergic receptors (Li, 2017). At least two different
subtypes called imidazoline I1 and I2 receptors were identified
(Li, 2017). Accumulating studies have shown that 2-(2-
benzofuranyl)-2-imidazoline (2-BFI), a selective ligand
to type 2 IRs, has prominent neuroprotective effects in
animal models of many disorders, such as traumatic brain
injury, stroke, cerebral ischemia, and Alzheimer’s Disease,
even in some nociception (Han et al., 2009, 2010; Jiang
et al., 2010; Sampson et al., 2012; Tian et al., 2017; Ni
et al., 2019). Moreover, a recent study found that 2-BFI
effectively protected against SCI caused by experimental
autoimmune encephalomyelitis, a mouse model of multiple
sclerosis (Wang et al., 2011).

Activation of Nrf2, a sensor of oxidative stress, played
neuroprotective roles in animal models of cerebral ischemia,
subarachnoid hemorrhage, traumatic brain injury and SCI
(Wang et al., 2014). Nrf2 regulates a number of ARE-driven
genes encoding phase II detoxification enzymes and antioxidant
proteins like HO-1 (Niture et al., 2010). Heme oxygenase-1
(HO-1) is known as an endogenous antioxidative enzyme
in the injured spinal cord. Several studies have shown that
HO-1 is sustained in traumatic SCI (Lin et al., 2016, 2017;
Lee et al., 2017). Furthermore, HO-1 was found to stabilize
the blood-spinal cord barrier and limit oxidative stress and
white matter damage in the acutely injured murine spinal cord
(Lin et al., 2007).

These findings led us to hypothesize that 2-BFI
could attenuate SCI mediated by activation of the
Nrf2/HO-1 signaling pathway. However, no previous
studies focused on the neuroprotective effect of
2-BFI on SCI. Thus, in our study, we aimed to
investigate whether 2-BFI played a neuroprotective
role in an SCI rat model and to further explore the
potential mechanism.

MATERIALS AND METHODS

Experimental Animals
We included 52 adult male Sprague–Dawley (SD) rats
(290–330 g) in this study that were obtained from the Animal
Center of the Chinese Academy of Sciences (Shanghai, China).
The rats were housed in a humidity-controlled room (25 ± 1◦C,
12-h light/dark cycle, with lights on at 7:00 am) and raised with
free access to food and tap water. All experimental protocols
were approved by the Animal Care and Use Committee of
Soochow University and were implemented with reference
to the Animal Research: Reporting of in vivo Experiments
(ARRIVE) guidelines (Permit Number: 2018-0006). After being
acclimatized for 2 weeks, the rats were randomly divided into the
following three groups with no labels (n = 48).

SCI Model
The experimental SCI model was established as described
previously (Soubeyrand et al., 2014; Can et al., 2017) and
we selected two of three groups randomly undergoing the
SCI surgery. Briefly, general anesthesia was achieved by
administration of 5% isoflurane and maintenance by 1.5%
isoflurane. After a deep level of anesthesia, the rat was placed
in a prone position on a surgical table. The dorsal operation
area of each rat was shaved subsequently local antisepsis was
performed. Animals received incision analgesia with lidocaine.
The spinous process of the T10 thoracic vertebra was located by
palpating the ribs and double confirmed with the dorsal process
of the 2nd thoracic (Th2) vertebra, the most reliable anatomic
landmark in rats (the tallest vertebra in rats when placed in
the prone position). A dorsal midline incision was made, and
a laminectomy was performed from the 10th thoracic (Th10)
vertebra to the 12th thoracic vertebra (Th12) until the dorsal
epidural surface of the spinal cord was completely exposed.
Rats in the SCI+vehicle group and SCI+2-BFI group received
compression by an aneurysm clip, while in the remaining rats,
the Th10–Th12 laminas were removed until the spinal cord
was exposed without causing SCI (the sham group). The spinal
cord of the rats was compressed for 60 s using a 70-g closing
force Yasargil aneurysm clip (FT 220T, B. Braun Meslungen AG,
Melsungen, Germany). Indicators of successful injury included
the red and swollen appearance of the local spinal cord, fluttering
of both hindlimbs immediately after compression, and bilateral
hindlimb paralysis when the rats were awake. After the clip was
removed, the incisions were closed with silk thread, and the
animals were allowed to recover in a warmed chamber before
being returned to their home cages. The urinary bladder was
manually emptied twice daily to assist in urination until the
micturition function returned to normal.

Drug Administration
Drug administration was carried on by an investigator who
was blind to the drugs. After that, the rats were divided into
three groups: (1) sham group; (2) SCI+vehicle group; and
(3) SCI+2-BFI group (Figure 1B). Rats in the SCI+2-BFI groups
received an intraperitoneal injection of 2-BFI (SML1703, Sigma-
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FIGURE 1 | Spinal cord tissue surrounding the damaged site was immediately collected after the animals were deeply anesthetized (A). Experimental design:
experiments were designed to show the potential neuroprotective effects of 2-BFI in spinal cord injury (SCI; B).

Aldrich, St. Louis, MI, USA) at 3 mg/kg twice daily according to
previous research (Tian et al., 2017). Meanwhile, rats in the sham
and SCI groups received 0.9% NaCl twice daily instead.

Locomotion Tests
Six rats of each group were randomly selected to perform a
locomotion recovery test on day 1, 2, 3, 7, 14, 21 days after the
operation. The locomotion was assessed using the Basso, Beattie
and Bresnahan (BBB) locomotor rating scale, which is used to
assign scores ranging from 0 points to 21 points (Basso et al.,
1995, 2006). A score of 21 points refers to normal locomotion,
and 0 points indicate complete paralysis. Each rat was evaluated
three times by a highly trained investigator who was unaware
of the experimental design, and the mean value of the scores
was taken.

Tissue Collection
After the treatment of 2-BFI twice daily, the rats were
deeply anesthetized with intraperitoneal sodium pentobarbital
(100 mg/kg) at day 3 after the operation. A 1.5 cm section of
spinal cord tissue surrounding the damaged site was immediately
collected on ice and perfused with 200 ml of 4◦C 0.9%
saline (Figure 1A). For the chemical evaluation, the obtained
tissue samples were rapidly transferred to liquid nitrogen and
stored at −80◦C for further use. For the histopathological
analysis, the obtained tissue samples were immersed in 4%
paraformaldehyde at 4◦C overnight and cryoprotected in a
20% sucrose solution and 30% sucrose solution for 24 h in
turn. All frozen spinal cord sections were cut at a thickness
of 10 µm by using a sliding microtome. Systematic random
sampling techniques were used to select tissue sections for
staining and stereological analysis. Every fifth section beginning
at a random start point was selected for the appropriate staining
procedure. All processes used for tissue resection and selection
were conducted by two pathologists who were blinded to the
experimental conditions.

Western Blotting
The damaged spinal cord tissues were removed at the
center of the injury extending 5-mm cephalad and caudally.
Immediately, the removed tissues were homogenized and lysed in
ice-cold RIPA buffer (P0013B, Beyotime Biotechnology, China)
supplemented with protease and phosphatase inhibitor cocktails
(ab201119, Abcam, Burlingame, CA, USA). The homogenates
were centrifuged at 12,000 rpm for 20 min at 4◦C, and then,
the supernatant was collected on ice. Then, the final protein
concentration was determined by using the bicinchoninic acid
(BCA) method with the PierceTM BCA Protein Assay Kit (23225,
Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts
of protein were loaded and separated on sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE). Subsequently, the separated
proteins were transferred onto PVDF membranes (IPVH00010,
Millipore, Burlington, MA, USA) and blocked with 5% nonfat
milk powder in Tris-buffered saline-Tween (TBST, 25 mM Tris-
HCl, 0.15 M saline and 1% Tween 20; CW0043S, CWBIO,
China) for 2 h at room temperature, and the PVDF membranes
were incubated overnight at 4◦C with the following primary
antibodies: anti-Nrf2 antibody (1:1,000, ab137550, Abcam,
Burlingame, CA, USA), anti-Heme Oxygenase 1 antibody
(1:2,000, ab13243, Abcam, Burlingame, CA, USA), anti-NQO1
antibody (1:1,000, ab34173, Abcam, Burlingame, CA, USA),
anti-Bcl-2 antibody (1:1,000, ab59348, Abcam, Burlingame,
CA, USA), BAX rabbit polyclonal antibody (1:2,000, 50599-
2-Ig, Proteintech, Rosemont, IL, USA), and Caspase 3 rabbit
polyclonal antibody (1:500, 19677-1-AP, Proteintech, Rosemont,
IL, USA). Monoclonal anti-β-actin antibody (1:10,000, A5316,
Sigma-Aldrich, St. Louis, MI, USA) was used as an internal
loading control. The next day, after being washed with
TBST buffer three times, the membranes were incubated
with the following horseradish peroxidase-conjugated secondary
antibodies for 2 h at room temperature: goat anti-rabbit IgG
secondary antibody, HRP (31431, Invitrogen, Carlsbad, CA,
USA) and goat anti-mouse IgG secondary antibody, HRP (31430,
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Invitrogen, Carlsbad, CA, USA). After being washed with TBST
three times, immunoreactive bands were finally enhanced by
an ImmobilonTM Western Chemiluminescent HRP Substrate
(WBKLS0500, Millipore, Burlington, MA, USA) and visualized
with an imaging system (Bio-Rad, USA). Finally, all data were
analyzed by grayscale using ImageJ software.

Immunofluorescence Staining
After being fixed with a 4% formaldehyde solution, frozen
spinal cord sections (10 µm) were washed with phosphate-
buffered saline (PBS; 21-040-CVR, Corning, USA) with 0.1%
Triton X-100 for 30 min and then blocked with 10% goat
serum for 1 h at room temperature. Then, the sections were
incubated at 4◦C overnight with primary antibodies as follows:
anti-Nrf2 antibody (1:200, ab137550, Abcam, Burlingame,
CA, USA), mouse anti-NeuN (1:200, MAB377, Millipore,
Burlington, MA, USA) and mouse anti-GFAP (1:200, Bio-Rad,
USA). The sections were then incubated with secondary
antibodies, including donkey anti-mouse IgG Highly cross-
absorbed secondary antibody, Alexa Fluor 488 (1:1,000, A-21202,
Invitrogen, Carlsbad, CA, USA) and donkey anti-rabbit IgG
highly cross-absorbed secondary antibody, Alexa Fluor 555
(1:1,000, A-31572, Invitrogen, Carlsbad, CA, USA) for 1 h at
room temperature. Finally, the slides were rinsed with PBS
three times and counterstained with fluoroshield mounting
medium with DAPI (ab104139, Abcam, Burlingame, CA, USA)
for 10 min. All images were observed under a laser confocal
microscope (Leica DMi8, Germany).

Fluoro-Jade B (FJB) Staining
Fluoro-Jade B (FJB) staining was performed following the
manufactures’s manual (AG310, Millipore, Burlington, MA,
USA). Frozen spinal cord sections were incubated with 1%
sodium hydroxide in 80% alcohol for 5 min and 70%
alcohol for 2 min, subsequently transferred to 0.06% potassium
permanganate for 10 min. Afterward, sections were immersed
in a 0.0004% fluoro-jade dye solution which contains 0.1%
acetic acid for 20 min and washed by deionized water. Then,
sections were dried at 50◦C for 8 min in an oven. Afterward, the
sections were immersed in the xylene for at least 1 min finally
mounted with neutral balsam (G8590, Solarbio, Beijing, China).
The sections were observed under a laser confocal microscope
(Leica DMi8, Germany), and the images were captured by LASX
software (Leica Microsystems, Wetzlar, Germany).

TUNEL Staining
TUNEL staining was used to assess cell apoptotic status in spinal
cord tissues. The spinal sections were stained by using the Roche
in situ Cell Death Detection Kit (11684817910, Roche, Germany)
according to the manufactures’ manual. After allowing to air dry,
they were then sealed with DAPI. All sections were observed
under a laser confocal microscope (Leica DMi8, Germany) and
images were captured using LASX software.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The levels of superoxidase dismutase (SOD) and glutathione
peroxidase (GPx) in spinal cord tissue samples were estimated

by using commercially available ELISA kits specific for
rats (ab65354, Abcam, Burlingame, CA, USA; ab102530,
Abcam, Burlingame, CA, USA) according to the manufacturer’s
instructions. The absorbance was measured using an ELISA
reader at OD450 nm and OD340 nm.

Statistical Analysis
All data are expressed as themean± standard deviation and were
analyzed using SPSS software (version 18, SPSS Inc., Chicago, IL,
USA). Histopathology volume percentage data were performed
using a one-way analysis of variance (ANOVA). Behavioral data
were analyzed by two-way ANOVA followed by Tukey’s post hoc
test. P < 0.05 was considered to be a significant difference.

RESULTS

Treatment With 2-BFI Promotes Functional
Recovery After SCI
The locomotor recovery test after SCI was evaluated by the BBB
locomotor rating scale. Normal scores (21 points) were observed
in the sham group. One day after SCI, the BBB locomotor rating
scale score was decreased promptly in both the vehicle group
and the 2-BFI group. There was no significant difference between
these two groups in BBB scores, even 3 days after SCI (Figure 2).
However, the BBB scores were still higher in the 2-BFI group than
in the vehicle group at 3 days after SCI, but the difference was
not significant (2.00 ± 1.09 vs. 1.33 ± 0.82, P > 0.05). As shown
in Figure 2, the average BBB score was significantly improved
in rats treated with 2-BFI at both 7 days and 14 days after SCI
(3.33± 0.52 vs. 4.33± 0.52, P< 0.05; 4.67± 0.82 vs. 6.1c7± 0.98,
P < 0.05, respectively). Moreover, these differences becamemore
and more remarkable at 21 days after SCI (6.17 ± 0.98 vs.
8.00 ± 1.10, P < 0.01). This result suggests that 2-BFI may have
a potential protective effect on SCI.

Treatment With 2-BFI Activates the
Nrf2/HO-1 Signaling Pathway After SCI
To investigate the potential role of 2-BFI in SCI models,
we performed Western blotting to detect the expression of
associated proteins, such as Nrf2, HO-1, and NQO1, after
treatment with 2-BFI (Figure 3). As shown in Figures 3A–C,
the Nrf2 and HO-1 protein levels increased significantly after
SCI (P < 0.01). Additionally, Nrf2, as well as HO-1, was
further increased significantly in the 2-BFI group compared
with the vehicle group (P < 0.01; Figures 3A–C), whereas the
NQO1 protein expression was decreased in the vehicle group
compared with the sham group (P< 0.01; Figure 3D). Moreover,
no significant difference was observed in the expression of
NQO1 between the vehicle group and the 2-BFI group
(P > 0.05).

Treatment With 2-BFI Activates the
Nrf2/HO-1 Signaling Pathway in Neurons
and Astrocytes
To confirm that 2-BFI activated the Nrf2/HO-1 signaling
pathway, we performed immunofluorescence staining to evaluate
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FIGURE 2 | The locomotor recovery test after SCI was evaluated by the BBB locomotor rating scale. Although the 2-BFI treatment improves functional recovery
(BBB scores) at 3 days after SCI, no significant differences were demonstrated. However, compared with the SCI+vehicle group, the BBB scores were significantly
increased in the SCI+2-BFI group at 7, 14 and 21 days after SCI. Values are the mean ± SD. #P < 0.05 vs. the SCI+vehicle group; ##P < 0.01 vs. the
SCI+vehicle group.

FIGURE 3 | Expression profiles of the Nrf2, HO-1 and NQO1 proteins in the spinal cord tissue surrounding the damage of each group at 3 days after SCI (A).
Western blotting was performed to determine the expression profiles and quantification results of Nrf2 (B), HO-1 (C) and NQO1 (D). Band density was quantified
using ImageJ. n = 6 animals per group. Columns represent the mean ± SD. ∗∗P < 0.01 vs. the sham group; ##P < 0.01 vs. the SCI+vehicle group; ns, no
significance vs. the SCI+vehicle group.

the expression of Nrf2 in neurons and astrocytes (Figure 4).
Nrf2 expression was dramatically higher in both neurons and
astrocytes after SCI than that in the sham cgroup (P < 0.01;

Figures 4A,C). In addition, the level of Nrf2 significantly
increased in the SCI+2-BFI group than in the SCI+vehicle group
(P < 0.01; Figures 4B,D).
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FIGURE 4 | Double-immunofluorescence staining images of Nrf2 (red) with NeuN (green)-marked neurons (A) and Nrf2 (red) with GFAF (green)-marked astrocytes
(C) to show the expression profiles in the sham group, vehicle group and 2-BFI group. Nuclei were counterstained with DAPI (blue) in the same view for each section.
Immunofluorescence analysis was used to detect the IOD of Nrf2 signals in neurons (B) and astrocytes (D) at day 3 after the operation. Scale bars are 10 µm.
Immunofluorescence intensities were determined using ImageJ software. n = 6 animals per group. Columns represent the mean ± SD. ∗∗P < 0.01 vs. the sham
group; ##P < 0.01 vs. the SCI+vehicle group.

Treatment With 2-BFI Activates the
Nrf2/HO-1 Signaling Pathway to Promote
Antioxidant and Antiapoptotic Effects in
SCI
To determine the local antioxidative levels, we detected the SOD
and GPx activities in the damaged spinal cord tissue. Compared
with those in the sham group, the activities of both SOD and
GPx were significantly decreased in the vehicle group (P < 0.01;
Figures 5A,B). Meanwhile, SOD and GPx were significantly
enhanced in the 2-BFI group (P < 0.05; Figures 5A,B).
These interesting findings suggested that 2-BFI may enhance
antioxidant enzyme activities to promote locomotor recovery
after SCI.

The expression levels of Bcl-2, Bax and caspase-3 including
pro-caspase-3, the p19 caspase-3 subunit and the p17 caspase-3
subunit (which could be observed at 34 KDa, 19 KDa, and
17 KDa, respectively) were analyzed by Western blotting
to further verify the antiapoptotic effect of 2-BFI in SCI
(Figures 6A,E). The Bax and cleaved caspase-3 levels were
appreciably increased in the spinal cord tissue collected from rats
subjected to SCI, while the Bcl-2 protein levels were markedly

reduced (P< 0.01 and P< 0.05, respectively; Figure 6). However,
the application of 2-BFI significantly increased the Bcl-2 levels
after SCI (P < 0.01; Figure 6B). In contrast, the Bax and cleaved
caspase-3 levels were downregulated by 2-BFI (Figures 6C,F).
Meanwhile, the Bcl-2/Bax ratio was effectively reduced after SCI
and increased in the SCI+2-BFI group compared with the vehicle
group (P < 0.01; Figure 6D).

The effect of 2-BFI on cell necrosis and apoptosis was
evaluated by FJB staining and TUNEL staining (Figures 7A,C).
There were seldom FJB-positive or TUNE-positive cells in
the spinal cord of the sham group. Obviously, a number of
FJB-positive and TUNE-positive cells were observed in the
SCI+vehicle group. The treatment of 2-BFI significantly reduced
the necrosis and apoptosis (P < 0.05 and P < 0.01, respectively;
Figures 7B,D).

DISCUSSION

SCI is among the most serious conditions that induce
dysfunction of the limbs and trunk worldwide (Hachem et al.,
2017). Although there is no definite treatment for SCI, various
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FIGURE 5 | The levels of superoxidase dismutase (SOD) and glutathione peroxidase (GPx) in spinal cord tissue samples were estimated by ELISAs (A,B).
n = 6 animals per group. Columns represent the mean ± SD. ∗∗P < 0.01 vs. the sham group; #P < 0.05 vs. the SCI+vehicle group.

animal models are involved in experimental treatment to explore
any potential therapies. Among these animal species, rat models
were the most widely used for in-depth research of physiological
and pathological events (Sharif-Alhoseini et al., 2017). According
to the studies by Gris et al. (2004) and Hurtado et al. (2012),
SCI models performing double laminectomies (Th10-Th11)
yielded poorer BBB scores than when a single laminectomy
(Th11) was done to expose the spinal cord. We were tended
to follow the method as mention above to make the SCI
model, however, the visual field of the model was not clear
enough. Then we decided to extend another segment caudally.
This present study was design to provide new evidence
regarding the mechanism underlying the neuroprotective
effect of 2-BFI in a rat model of SCI with laminectomies
(Th10-Th12). Such neuroprotection by 2-BFI was most likely
accomplished by activating the Nrf2/HO-1 pathway, which
protected neurons by increasing the antioxidant activities and
suppressed neuronal apoptosis by regulating the antioxidative
injury and blocking apoptosis.

Oxidative injury and apoptosis play the most important roles
in central nervous system neurological disorders, including SCI
(Liu and Xu, 2012). Reactive oxygen species (ROS), such as
hydrogen peroxide, superoxide, and hydroxyl radicals, increased
significantly within hours after SCI (Choi et al., 2015; Zhang et al.,
2016). Among the antioxidative mechanisms, one of the major
adaptive responses in the central nervous system is mediated by
Nrf2. As shown in the present study, the level of Nrf2 expression
increased significantly after SCI, which was according to the
previous research. In addition, Nrf2 may play an important
role in defense against oxidative stress possibly by activation
of the cellular antioxidant machinery as well as suppression of
pro-inflammatory signaling pathways (Li et al., 2008).

Normal cellular functions are controlled by cells by
maintaining the oxidant and antioxidant balance. In response
to oxidative stress, Nrf2 induces not only the expression of a
number of antioxidant genes but also the activity of various
antioxidant enzymes, such as HO-1, SOD, and GPx (Wang
et al., 2012; Lin et al., 2017; Wei et al., 2018). As an indicator

and regulator of oxidative stress, the Nrf2/HO-1 signaling
pathway has been demonstrated to play a substantial role in
protecting against oxidative stress for many years (Gan and
Johnson, 2014; Freitas et al., 2015; Lu et al., 2018; Wei et al.,
2018). A previous study showed that SCI induces increased
expression of Nrf2 in neurons and astrocytes as early as
30 min following SCI, and the levels remained elevated for
3 days (Wang et al., 2012). Simultaneously, the expression
of HO-1 increased significantly from 1 day after SCI and
continued to increase by 3 days post-injury, whereas the levels
of NQO1 peaked at 30 min immediately after SCI and gradually
decreased until they eventually showed no significant change
after 3 days (Wang et al., 2012). Activation of the Nrf2 signaling
pathway following SCI regulates genes involved in antioxidant
defenses, which significantly increase the expression of the
antioxidants HO-1 and NQO1 (Zhou et al., 2017; Wei et al.,
2018). In the present study, the upregulated expression of
Nrf2 after SCI was observed as well as the expression of
HO-1. However, the expression of NQO1 does not seem to
be fully consistent with that of previous studies due to the
tissue collection method. Moreover, 2-BFI further increased
the expression of Nrf2 and HO-1, which indicates that the
activation of Nrf2/HO-1 signaling by 2-BFI protects neurons
from damage after SCI in the present study. The present
study observed a significant reduction in the activities of the
enzymatic antioxidants after SCI, including SOD andGPx, which
protect against cellular damage by diminishing oxidative toxicity.
Interestingly, the activities of SOD and GPx were upgraded by
treatment with 2-BFI after SCI, which was consistent with the
effect of 2-BFI in Alzheimer’s disease (Tian et al., 2017). Taken
together, these findings indicated that 2-BFI may attenuate
SCI by inhibiting oxidative stress and neuronal apoptosis to
improve functional recovery after SCI via activation of the Nrf2
signaling pathway.

Apoptosis is an active process of programmed cell death,
which is regulated by various genes including the Bcl-2 family,
caspase family and cancer genes (Edlich, 2018). SCI-induced
apoptosis leads to neuronal cell death in the spinal cord, further
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FIGURE 6 | The expression levels of the Bcl-2, BAX, and caspase-3 proteins were detected using Western blotting at 3 days after SCI (A,E). Quantification of the
Bcl-2 (B), BAX (C), the ratio of Bcl-2/Bax (D) and the ratio of cleaved-caspase 3 (p17, p19)/pro-caspase 3 (F) verified the antiapoptotic effect of 2-BFI. Band density
was quantified using ImageJ software. n = 6 animals per group. Columns represent the mean ± SD. ∗∗P < 0.01 vs. the sham group; ##P < 0.01 vs. the SCI+vehicle
group; #P < 0.05 vs. the SCI+vehicle group.

resulting in neuronal dysfunction from 6 h to 3 weeks after
injury (Li et al., 2015). As demonstrated in previous studies,
2-BFI showed potent neuroprotective effects by attenuating
neural apoptosis through upregulating the neuroprotective gene
Bcl-2 in transient cerebral ischemia rats (Han et al., 2010).
Meanwhile, 2-BFI improved the impairments by attenuating the
expression of the apoptotic factors in Alzheimer’s disease rats
(Tian et al., 2017). Consistent with these studies, we found that
2-BFI upregulated the expression of Bcl-2 and downregulated
the expression of Bax and cleaved caspase 3 (both p17 and
p19), further confirming the neuroprotective effects. These
results indicate that the antiapoptotic effect of 2-BFI may

contribute to its neuroprotective effect in SCI rats. Moreover,
the decreased level of necrosis and apoptosis estimated by FJB
staining and TUNEL staining showed corroborative evidence of
neuroprotection of 2-BFI.

It is interesting to note that the cleaved caspase 3 was
comparable in the sham group and SCI+2-BFI group as shown
in Figure 6, which demonstrated the cleaved caspase 3 might
indicate something else, such as reactive astrogliosis and the
infiltration of macrophages (Wagner et al., 2011).

Several limitations of the present study should be mentioned
here. First, because the molecular nature of the I2 receptors is
elusive (Li, 2017), the precise molecular mechanism underlying
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FIGURE 7 | Evaluation of neuronal death at day 3 after operation. Neuronal death was examined by FJB staining (A). FJB-positive (green) cells per mm2 were
quantified accordingly (B). Neuronal apoptosis was examined by TUNEL staining (C). TUNEL-positive (green) cells per mm2 were quantified accordingly (D). Scale
bars are 10 µm. The number of positive cells was determined using ImageJ software. n = 6 animals per group. Columns represent the mean ± SD. ∗∗P < 0.01 vs.
the sham group; ##P < 0.01 vs. the SCI+vehicle group; #P < 0.05 vs. the SCI+vehicle group.

the activation of Nrf2 by 2-BFI has yet to be identified. Second,
our study did not include any experiment about blockage of
Nrf2, hence, we cannot exclude the possibility that the inhibited
inflammatory effects or other effects of 2-BFI also play roles in
the neuroprotection after SCI. Therefore, these issues will be
examined in our future studies.

In conclusion, our observations indicated that 2-BFI may
attenuate SCI via the Nrf2/HO-1 signaling pathway by inhibiting
oxidative stress and neuronal apoptosis. This study provides new
information on the neuroprotective effect of 2-BFI following
SCI and will help improve our understanding of imidazoline I2
receptor pharmacology.
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