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Abstract: Poly(ADP-ribose)polymerase-1 (PARP-1) is anubiquitous, DNA repair-associated enzyme, which partici-
pates in gene expression, cell death, central nerve system (CNS) disorders and oxidative stress. According to the 
previous studies, PARP-1 over-activation may lead to over-consumption of ATP and even cell apoptosis. Spinal cord 
injury (SCI) is an inducement towards PARP-1 over-activation due to its massive damage to DNA. 3-aminobenzamide 
(3-AB) is a kind of PARP-1 inhibitors. The relationship among PARP-1, 3-AB, SCI and apoptosis has not been fully un-
derstood. Hence, in the present study, we focused on the effects of 3-AB on cell apoptosis after SCI. Accordingly, SCI 
model was constructed artificially, and 3-AB was injected intrathecally into the Sprague-Dawley (SD) rats. The results 
demonstrated an increase in cell apoptosis after SCI. Furthermore, PARP-1 was over-activated after SCI but inhib-
ited by 3-AB injection. In addition, apoptosis-inducing factor (AIF) was inhibited but B-cell lymphoma-2 (Bcl-2) was 
up-regulated by 3-AB. Interestingly, caspase-3 was not significantly altered with or without 3-AB. In conclusion, our 
experiments showed that 3-AB, as a PARP-1 inhibitor, could inhibit cell apoptosis after SCI in caspase-independent 
way, which could provide a better therapeutic target for the treatment of SCI.
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Introduction

Poly(ADP-ribose)polymerase-1 (PARP-1) is a key 
protein participating in DNA repair [1], which is 
also seen as anuclear enzyme contributing to 
the chromatin integrity and cell survival [2]. 
PARP-1 inhibitors decrease the DNA repair by 
competitively binding with the DNA-repair com-
plex [3]. Specifically, when DNA strand-breaks 
happen, PARP binds rapidly to the DNA strand-
breaks and converts nicotinamide adenine 
dinucleotide (NAD) into long branched poly-
mers of poly(ADP-ribose) (PAR), which was 
attached on a variety of nuclear proteins [1, 
4-6]. 

Nevertheless, excessive PARP-1 may cause a 
negative effect in a caspase-independent path-
way-mediated cell apoptosis [7]. It is widely 
accepted that over-activation of PARP-1 results 
in the translocation of apoptosis-inducing fac-
tor (AIF) from the mitochondria to the nucleus, 

where AIF promotes DNA fragmentation and 
nuclear condensation for apoptosis [8-11]. 
Besides, PARP-1 over-activation is also charac-
terized by the marked decrease of intracellular 
NAD and adenosine triphosphate (ATP) stores 
and disorders of oxidative metabolism [1, 12, 
13], and, ultimately, leads to cell death [4, 14]. 
In addition, the translocation of AIF destroys the 
mitochondrial membrane potential, which leads 
to less energy production and more apoptosis.

It is worth noting that PARP-1 over-activation 
originates from a variety of circumstances, 
mainly due to the massive DNA damage, includ-
ing neurotoxicity, ischemia-reperfusion injury, 
diabetes, shock and inflammation [12, 13, 15]. 
Spinal cord injury (SCI) is another reason for 
massive DNA damage, which leads to both the 
primary injury and the subsequent secondary 
injury, including cell apoptosis, excessive 
inflammatory response, reduced spinal cord 
blood flow, etc [16, 17]. Cell apoptosis plays a 
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pivotal role in this secondary damage by caus-
ing degeneration of the spinal cords gradually 
[18, 19]. Hence, supposedly, an effective inhibi-
tion of PARP-1 over-activation could reduce cell 
apoptosis induced by SCI, which contributes to 
the protection of spinal cords.

PARP inhibitors could act as competitors of 
NAD [20, 21], accompanied by the accumula-
tion of NAD and inhibition of PARP [22], thus 
preventing the DNA repair [3, 23]. 3-Amino- 
benzamide (3-AB), one of PARP inhibitors, could 
attenuate the activation of PARP-1, and abolish 
AIF translocation [6]. To our knowledge, the role 
of 3-AB has not yet been studied in any animal 
model of SCI. 

In conclusion, we constructed a SCI model in 
rats, and 3-AB was injected intrathecally into 
the spinal cords. As descriptions in this study, 
3-AB was shown to inhibit PARP-1 activation 
and the subsequent apoptosis induced by SCI, 
which may provide a potential therapeutic tar-
get for SCI and neural degeneration.

Materials and methods

Animal feeding

All the experiments with animals were approved 
by the Institutional Animal Ethics Committee of 
Binzhou Medical University. The experiments 
were performed with Sprague-Dawley (SD) 
male rats (220-250 g), provided by the experi-
mental animal center of Yantai Luye Pharma. 
The animals were fed in pathogen-free environ-
ment with free access to food and boiled water 
at a relatively constant temperature and humid-
ity, with a 12-hour light/dark cycle. The rats 
were acclimatized for at least seven days since 
arrival and were observed for any sign of dis-
eases before the experiment were initiated.

Animal treatment

The animals were randomly divided intodiffer-
ent groups. 3-AB was purchased from Sigma-
Aldrich (St. Louis, MO, USA). There were 3 
groups: sham group (n=10), SCI group (rats with 
SCI surgery; n=10) and 3-AB+SCI group (rats 
with SCI and 3-AB treatment; n=10). The 
3-ABdissolved in 0.9% sodium chloride was 
injected intrathecally immediately after SCI 
with a concentration of 15 mg/kg, according to 
aprevious experiments [24]. The detailed pro-
cedures of SCI were as follows: rats were anes-
thetized with intraperitoneal injection of 4% 

chloral hydrate (300 mg/kg), followed by fixa-
tion in prone position. Subsequently, incision in 
dorsal midline, separation of muscle and expo-
sure of spines were performed successively. 
The spinous process and vertebral plate were 
taken out along the T10 section-centered posi-
tion to expose the spinal dura mater. Next, the 
spines were kept in horizontal position with the 
hit in posterior spinal veins-centered position 
(modified Weight dropping by Allen) to cause 
acute moderate injury in T 10 section. The SCI 
models were characterized by the retraction 
and flutter of double lower limbs and body, 
accompanied by tail-wag reflection. Hemostasis 
was conducted immediately after surgery, and 
straticulate saturation was performed. Artificial 
micturition was done twice a day until self-uri-
nation was recovered. The inflammation was 
under restrictionby injection of penicillin once a 
day.

Tissue collection

After 7 days, the animals were humanely sacri-
ficed with pentobarbital sodium (500 mg/kg) 
and segments of spinal cord, centered with the 
lesion site, were harvested for formalin-fixation 
and paraffin-embedding in preparation for use. 
Specifically, a 2-cm section which centered at 
the lesion site of the spinal cord was removed 
and fixed in formalin overnight. The segment 
was then dehydrated through graded ethanol, 
embedded in paraffinand sectioned into 7 μm 
thick transverse sections using a cryostat 
microtome (Thermo Fisher Scientific, Waltham, 
MA, USA). 

Deparaffinization and rehydration

Tissue sections were processed with the next 
procedures for deparaffinization and rehydra-
tion: immerged in dimethylbenzene for 15 min 
(repeated 3 times in 3 different containers); in 
100% ethanol for 5 min (2 times in 2 different 
containers); in 95% ethanol for 5 min (2 times 
in 2 different containers); in 90% ethanol, 85% 
ethanol and 75% ethanol for 2 min, successive-
ly; finally rinsed in distilled water 3 times.

Hematoxylin-eosin (HE) staining

Specifically, tissue sections were stained with 
hematoxylin for 5 min, rinsed in running water 
and then immerged in hydrochloric-alcohol 
solution for 15 sec to differentiate. The follow-
ing steps were performed, successively: micro-
scopic examination; rinsed in running water 
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and distilled water; dehydrated through graded 
ethanol; stained with 0.5% eosin solution; 
immerged in dimethylbenzene for 5 min 2 times 
for transparency and finally mounted with neu-
tral balsam. The sections were then observed 
under an optical microscope (Olympus FV2000, 
Tokyo, Japan) and photographed.

TUNEL assay

Apoptotic cells were identified via TUNEL assay, 
using the in situ cell death detection kit, POD 
according to the manufacturer’s protocol 
(Roche, Basel, Switzerland). Briefly, cover-slips 
were subjected to fixation and permeabiliza-
tion, followed by incubation with the TUNEL 
reaction mixture containing terminal deoxynu-
cleoitidyl transferase (TdT) and fluorescein-
labeled dUTPat 37°C for 1 hour in a dark and 
humid chamber. Subsequently, slips were 
rinsed in PBS 3 times, and incubated with 50 μl 
of converter-POD at 37°C for 30 min. Finally, 
diaminobenzidine (DAB) was used as the chro-
mogen and added after PBS rinse again for an 
incubation at 25°C for 10 min. Hematoxylin 
was used as the counterstain. Dehydration, 
transparency and mounting were performed, 
successively. An optical microscope (Olympus) 
was used for the further analysis. 

Immunohistochemistry (IHC)

The sections were immerged in 0.01 M citrate 
buffer in boiling water for 2 min, for antigen 
retrieval, and cooled down to room tempera-
ture by itself. Subsequently, the sections were 
immerged in 0.3% H2O2 for 15 min; rinsed in 
distilled water for 3 times; immerged in PBS 
buffer for 5 min for endogenous peroxidase 
blocking. Next, tissue sections were incubated 
with primary antibodies at 4°C over night in a 
humidified chamber. The slides were then incu-
bated with secondary antibody at 37°C for 20 
min, followed by incubation with horseradish 
peroxidase (HRP; Sigma-Aldrich) at 28°C for 15 

min and PBS wash again. Antibody binding was 
visualized with freshly prepared 3,3’-DAB 
(Sigma-Aldrich), and counterstained with hema-
toxylin (Sigma-Aldrich), followed by graded alco-
hol dehydration and mounting as previously 
described. Slides were observed and recorded 
under 400× objectives with a microscope 
(Olympus).

Real-time quantitative PCR

Total RNA was extracted from the tissues using 
TriPure RNA Isolation Reagent (Roche). cDNA 
was synthesized using RevertAid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific). 
Quantitative PCR was performed using 
FastStart Universal SYBR Green Master (Roche) 
on the LightCycler 480 Real-Time PCR System 
(Roche). All the procedures were following stan-
dard manufacturer’s instructions. β-actin was 
served as a reference gene. Each sample was 
measured in triplicate, and the relative expres-
sion was calculated using the 2-ΔΔCt method. 
The sequences of the involved primers were 
shown in Table 1.

Western blot

Proteins were extracted using RIPA buffer con-
taining 1 mM Phenylmethane sulfonyl fluoride 
(PMSF, Sigma-Aldrich). Briefly, tissues were 
immerged in RIPA buffer on ice with occasional 
shaking and mixing for 30 min. Subsequently, 
the proteins were collected and stored in a cen-
trifuge tube. Electrophoresis was performed 
using 10% polyacrylamide gels (PAGE) contain-
ing 0.1% sodium dodecyl sulfonate (SDS). 
Proteins were electro-transferred to nitrocellu-
lose (NC) membrane and blots were incubated 
for 2 hours at room temperature with primary 
antibodies, followed by incubation with corre-
sponding biotin-labeled secondary antibodies. 
The antigen-antibody complexes were detected 
using the ECL system (Amersham Biosciences, 
Buckinghamshire, UK).

Table 1. List of primer sequences for real-time quantitative PCR
Primers Forward Reverse
PARP-1 5’-ACGCACAATGCCTATGAC-3’ 5’-CCAGCGGAACCTCTACAC-3’
AIF 5’-AAAGGGAAGGAGGAGGTCCCGA-3’ 5’-CCACTGTGGGGCTTCAGTCTTCA-3’
Bcl-2 5’-GGATTGTGGCCTTCTTTGAG-3’ 5’-CCAAACTGAGCAGAGTCTTC-3’
Caspase-3 5’-GGACCTGTGGACCTGAAAAA-3’ 5’-CGGGATCTGTTTCTTTGAAT-3’
β-actin 5’-TACAACCTCCTTGCAGCTCC-3’ 5’-GGATCTTCATGAGGT AGTCAGTC-3’
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Figure 1. HE staining for spinal cord tissues. A. Sham group in a normal status; B. SCI group showed smaller neurons 
and more vacuoles (black arrows), more glial cells (red arrows), and visible red blood cells (green arrows); C. 3-AB + 
SCI group showed fewer vacuoles and glial cells, and scarce red blood cells.

Figure 2. TUNEL assay for apoptosis. A. Sham group in a normal status; B. SCI group showed a significant increase 
of apoptotic cells; C. 3-AB decreased the apoptotic cells; D. The statistical results. Each column represents mean ± 
SD; n = 3 per group; *P < 0.05 and **P < 0.01.
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Statistical analysis

Data were expressed as mean ± Standard 
Deviation (SD). Differences between groups 
were calculated using one-way ANOVA. The 
*P<0.05 and **P<0.01 were regarded as 
significance.

Results

Spinal cord has some pathologic changes af-
ter sci

We first confirmed the successful construction 
of SCI models. As shown in Figure 1B, spinal 

Figure 3. The expression of PARP-1. A. Real-time quantitative PCR results showed that PARP-1 was over-activated 
by SCI, but inhibited by 3-AB; B. Western blot and corresponding densitometric analysis confirmed the variation in 
protein level; C. IHC results showed more distribution of PARP-1 in spinal cord tissues of SCI group. Each column 
represents mean ± SD; n = 3 per group; *P < 0.05 and **P < 0.01; arrows: PARP-1 deposition.

Figure 4. The expression of AIF. AIF expression was promoted by SCI. but inhibited by 3-AB both in mRNA level (A) 
and protein level (B); (C) IHC results showed more deposition of AIF in SCI group, but less in 3-AB + SCI group. Each 
column represents mean ± SD; n = 3 per group; *P < 0.05; arrows: AIF deposition.
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cord demonstrated a pathologic status com-
pared with sham group in a normal status 
(Figure 1A). Specifically, there was a significant 
decrease in the quantity of neurons in SCI 
group compared with sham group, because 

neurons tended to become smaller, even form 
vacuoles (black arrows). Furthermore, the glial 
cells (nucleus stained blue) had an obvious pro-
liferation in SCI group (red arrows), and the red 
blood cells (stained dark red) became visible in 

Figure 5. The expression of Bcl-2. Especially, the Bcl-2 expression was decreased by SCI, but significantly increased 
by 3-AB treatment in mRNA level (A) and protein level (B); (C) IHC results demonstrated much more deposition of 
Bcl-2 in 3-AB + SCI. Each column represents mean ± SD; n = 3 per group; *P < 0.05 and **P < 0.01; arrows: AIF 
deposition.

Figure 6. The expression of cleaved caspase-3 was not altered by SCI or 3-AB. A. Real-time quantitative PCR results; 
B. Western blot and corresponding densitometric analysis; C. IHC results. Each column represents mean ± SD; n = 
3 per group.
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SCI group (green arrows), which was possibly 
due to the hemorrhage after SCI surgery. In 
contrast, 3-AB addition showed a counteractive 
and opposite effect toward SCI surgery, charac-
terized by fewer vacuoles and glial cells, and 
scarce red blood cells (Figure 1C).

3-AB reduces the number of apoptotic cells

Next, the apoptosis was investigated to com-
pare the effects of SCI and 3-AB. We compared 
Figure 2A and 2B, there was a significant 
increase of apoptotic cells (nucleus stained 
brown) in SCI group (Figure 2B). In contrast, as 
shown in Figure 2C, 3-AB + SCI group demon-
strated less apoptosis, indicating that 3-AB 
could inhibit the apoptosis induced by SCI sur-
gery. Figure 2D also confirmed this phenome-
non statistically. 

Parp-1 expression is promoted by sci, but in-
hibited by 3-Ab

PARP-1 was the central enzyme participating in 
DNA repair. As shown in Figure 3A, PARP-
1expression was significantly up-regulated 
after SCI surgery, confirming the over-activation 
of PARP-1, but down-regulated by 3-AB in mRNA 
level. The Western blot results also confirmed 
the similar alteration of PARP-1 expression 
(Figure 3B). Moreover, the IHC results showed 
that PARP-1 deposition was more visible 
(arrows) in SCI group, but became hardly visible 
after 3-AB treatment (Figure 3C). 

AIF and Bcl-2 demonstrates opposite varia-
tions induced by SCI and 3-AB

AIF translocation is the following step after 
PARP-1 over-activation. Bcl-2 is a gene that 
inhibits cell apoptosis. First of all, SCI promoted 
the expression of AIF, but inhibited Bcl-2 activa-
tion. In mRNA level, 3-AB significantly decreased 
the expression of AIF (Figure 4A), possibly 
mainly due to the inhibition of PARP-1. Corre- 
spondingly, 3-AB up-regulated the expression 
of Bcl-2 (Figure 5A). In protein level, AIF expres-
sion was reduced, and Bcl-2 expression was 
promoted in the presence of 3-AB (Figures 4B 
and 5B). The IHC results showed widespread 
AIF in of SCI group (arrows), but AIF was much 
less after 3-AB addition (Figure 4C). On the 
contrary, Bcl-2 showed a richer, bigger and 
darker sedimentation in 3-AB + SCI group 
(Figure 5C). In conclusion, 3-AB could up-regu-

late the expression of Bcl-2 and inhibit AIF 
expression.

Caspase-3 was not significantly altered in the 
present study

Cleaved caspase-3 is an active state participat-
ing in cell apoptosis. In this study, cleaved cas-
pase-3 expression was not significantly 
changed neither in the presence nor in the 
absence of 3-AB, and neither in mRNA level nor 
in protein level (Figure 6). In other words, cas-
pase-3 was not activated during this process, 
suggesting that the apoptosis was caspase- 
independent. 

Discussion

3-AB was an inhibitor of PARP-1, which has 
been previously reported to be involved in the 
pathogenesis of oxidative stress [25], cerebral 
ischemia [26] and Parkinson’s disease [27]. 
However, the role of 3-AB in SCI has not been 
reported. Cell apoptosis is a main symptom of 
SCI, which may lead to more disorders and dys-
functions of CNS [28]. In the present study, the 
apoptosis was induced by SCI surgery, which 
also involved the activation of PARP-1 and AIF, 
and the inactivation of Bcl-2. As reported, the 
over-activation of PARP-1 could result in pro-
moting cell apoptosis [6]. 3-AB was also 
employed in this experiment. In conclusion, 
3-AB was proved to inhibit the apoptosis 
induced by SCI surgery, mainly due to the inhibi-
tion of PARP-1 expression. Hence, 3-AB contrib-
uted to the neuroprotection of spinal cords, 
which may provide a better therapeutic target 
for the new drugs of neurodegenerative diseas-
es, including SCI.

PARP-1 is a widespread enzyme in humans 
mainly participating in DNA damage repair [14]. 
Specifically, when activated by DNA damage, 
PARP-1 converts NAD into branched PAR on tar-
get proteins. This process may lead three 
important effects on the CNS, depending on 
the cell type and the extent of DNA damage: (1) 
PARP-1 activation and DNA repair; (2) transcrip-
tion factors activation and inflammation; (3) 
massive DNA damage (such as SCI) may lead to 
extensive PARP-1 activation, which promotes 
neuronal apoptosis via NAD consumption and 
release of AIF from the mitochondria [29]. 
Moreover, excessive PARP-1 activation has 
been proved to be involved in the pathogenesis 
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of CNS disorders such as ischemia-reperfusion 
injury, excitotoxicity injury, traumatic injury and 
inflammation [30, 31]. The inhibitors of PARP-1, 
such as 3-AB, could inhibit PARP-1 activation by 
competitively interfering with the binding of 
NAD to the active site; in other words, inhibitors 
act as the competitors of NAD. Accordingly, 
based on the functions of PARP-1 inhibitors, we 
designed this study with a desire that 3-AB 
could attenuate the bad effects of apoptosis 
induced by SCI, a kind of massive DNA damage 
frequently leading to PARP-1 over-activation. 

Cleaved caspase-3, consisting of two seg-
ments, p12 and p17, is an active state of cas-
pase-3. In the classic apoptotic pathway (cas-
pase dependent apoptotic process), PARP-1 is 
proteolytically cleaved into two segments, 
namely, p89 and p21, and inactivated by cas-
pase-3, which is widely used as an apoptotic 
marker [32]. PARP-1 cleavage has weakened 
the capability of DNA repair, which is thought to 
prevent the excessive ATP consumption by 
PARP-1, and thereby providing the sufficient 
energy required for the apoptotic process.

Whereas, in the present study, the results 
showed that the apoptosis induced by SCI was 
a caspase-3-independent process. Actually, 
this apoptosis is PARP-1-dependent cell death 
(named Parthanatos) [33]. The main character-
istics include fast activation of PARP-1, accu-
mulation of PAR and variation of mitochondrial 
membrane permeability. Specifically, AIF tends 
to translocate from mitochondria to nucleus 
with the over-activation of PARP-1, leading to 
the chromatin condensation and DNA fragmen-
tation, which ultimately causes cell apoptosis. 
Bcl-2 is a gene that inhibits cell apoptosis 
through regulating the permeability of mito-
chondrial membrane. In conclusion, our results 
demonstrated that the apoptosis induced by 
SCI was regulated by the caspase-3-indepen-
dent (PARP-1-dependent) apoptosis pathway; 
furthermore, the acknowledged inhibitor of 
PARP-1, 3-AB, was proved to be effective in 
inhibiting this apoptosis process. This discov-
ery may contribute to a better neuroprotection 
of spinal cords, in case of accidents or trauma, 
and subsequent SCI pathogenesis. 
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