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Abstract. The aim of the present study was to evaluate the 
expression of vascular endothelial growth factor (VEGF) and 
hypoxia inducible factor-1 (HIF-1), and to investigate the role 
of the HIF-1/VEGF signaling pathway following spinal cord 
injury (SCI). A total of 90 12-week-old Sprague Dawley rats 
were randomly divided into the following three groups: Sham 
group (operation without SCI); control group (SCI without 
ML228 treatment); and treatment group (SCI receiving ML228 
treatment). ML228 was administered as it is an activator of 
HIF-1α. The control and treatment groups were subjected 
to spinal cord hemisection and motor activity was evaluated 
using the Basso, Beattie and Bresnahan (BBB) scoring system. 
Expression of HIF-1α and VEGF in each injured spinal cord 
section was assessed using immunohistochemistry. Prior to 
SCI, there were no significant differences in the BBB score 
among the three groups (P>0.05). However, one day after the 
operation, the BBB score of the sham group was significantly 
higher than that of the other two groups (P<0.05) and the 
BBB scores of the control and treatment groups did not differ 
significantly (P>0.05). BBB scores 3 and 7 days following 
surgery were significantly higher in the sham group than the 
other two groups (P<0.05) and the BBB scores of the treatment 
group were significantly higher than those of the control group 
(P<0.05). The expression of HIF-1α and VEGF proteins in 
all groups were measured 1, 3 and 7 days after the operation, 
and it was observed that their expression was higher in the 
treatment group than in the control group (P<0.05). Therefore, 
the results of the current study suggest that ML228 may 
effectively activate the HIF-1α/VEGF signaling pathway to 
promote the expression of HIF-1α and VEGF proteins within 

the injured segment of the spinal cord, which promotes neural 
functional recovery following SCI in rats. Therefore, treatment 
with ML228 may be developed as a novel therapeutic strategy 
to treat SCI. 

Introduction

Spinal cord injury (SCI) is the primary cause of paraplegia. 
Nerve regeneration and restoration is considered extremely 
difficult and is a major focus of current neuroscience research. 
The secondary mechanisms that occur following SCI include 
enclosed blood circulation obstacles, changes in the levels of 
biologically active substances and the development of energy 
metabolic disorders (1). However, one popular hypothesis is 
that the primary problem resulting from secondary spinal 
injury is chemical hypoxia (2), and further damage following 
SCI is caused by decreased local blood flow and hypoxia. It 
has been demonstrated that hypoxia inducible factor 1 (HIF-1) 
is specific and sensitive to the hypoxia signaling response (3).

As well as the characteristics of its existence and the 
regulation of target genes, HIF-1 is considered to be the low 
oxygen related regulatory gene in the core of the most impor-
tant hypoxia-related transcription factors (4). When tissues or 
cells are in a hypoxic environment, HIF-1 is one of the most 
important transcription factors regulating oxygen metabo-
lism (5). HIF-1 expression is increased following hypoxia 
and may specifically bind to the hypoxia response element of 
the vascular endothelial growth factor (VEGF) promoter (6), 
strengthening the stability of the biological functions of VEGF 
and promoting VEGF expression, transcription and transla-
tion. The primary function of VEGF in the nervous system is 
associated with angiogenesis, and by promoting angiogenesis 
and improving local microcirculation, VEGF may indirectly 
protect the nerve from ischemic and anoxic injury (7).

At present, research into the role that HIF-1/VEGF 
signaling pathways serve in the response to SCI is very 
limited. ML228 was selected for further characterization as 
it exhibited the most improved potency within the chemotype 
and was considered to be an interesting tool compound. 
ML228 represents a novel chemotype available to the research 
community for the study of HIF activation and its therapeutic 
potential. Not only is the compound substantially different 
in structure from other known HIF activators, ML228 also 
lacks the acidic functional group almost universally present 
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in prolyl hydroxylase inhibitors, which may be important for 
certain disease applications. ML228 was demonstrated to 
potently activate HIF in vitro as well as its downstream target, 
VEGF (8). Therefore, the present study evaluated the effect of 
ML228, which has been shown to activate HIF as well as its 
downstream target VEGF (9), on the HIF-1/VEGF signaling 
pathway following the induction of SCI in a rat model. In addi-
tion, the effect of the activation of this signalling pathway on 
the response to SCI was investigated. Therefore, the effect of 
ML228 on recovery from SCI was evaluated in the current 
study.

Materials and methods

Animals and reagents. A total of 90 Sprague Dawley rats 
(female, 12 weeks old; weight, 220-255 g) were purchased 
from the SCXK Experimental Animal Center of Henan 
Province (Zhengzhou, China). Antibodies for HIF-1α 
(BA0912-2) and VEGF (PB0084), and goat anti-mouse 
secondary antibody (BA1051), were purchased from Wuhan 
Boster Biotechnology, Ltd. (Wuhan, China). Hematoxylin 
and eosin (H&E) dye was purchased from Nanjing Jiancheng 
Technology, Co., Ltd. (Nanjing, China). The specific acti-
vator of HIF-1/VEGF signaling pathways ML228 (10) was 
purchased from MedChemExpress China (Shanghai, China).

Animal model. Sprague Dawley rats were randomly divided 
into the following three groups (n=30 each): Sham group; the 
control group (SCI without ML228 treatment); and treatment 
group (SCI rats that received 1 µg/kg ML228 treatment). All 
rats were anaesthetized by intraperitoneal injection of cocktail 
(2 ml/kg) of xylazine (1.3 mg/ml; X1126; Sigma-Aldrich; 
Merck Millipore, Darmstadt, Germany), ketamine (25 mg/ml; 
16519-5; Cayman Chemical Company, Ann Arbor, MI, USA) 
and acepromazine (0.25 mg/ml; A7111; Sigma-Aldrich; Merck 
Millipore). Following back shaving and sterilization, an inci-
sion was made on the back posterior to the lower thoracic 
region. When the back muscles had been infiltrated, laminec-
tomy at the T10 level exposed the dorsal surface of the spinal 
cord and the lower thoracic cord was subsequently transected 
using fine scissors. Finally, the surgical wound was closed in 
two layers. Sham rats underwent a similar operation to rats in 
the SCI groups, with the exception that the lower thoracic cord 
was exposed but not transected. Daily assistance in bladder 
emptying was given to rats that had undergone SCI until 
spontaneous miction recovered. All rats had ad libitum access 
to food and water, and were fed with commercial rat chow 
comprising 0.95% calcium and 0.67% phosphate. Rats were 
housed in a controlled environment at 22˚C and 50% humidity 
with a 12 h light/dark cycle. To prevent infection, all rats 
received an intramuscular injection of 80,000 units penicillin 
every day for 7 days. One rat succumbed to mortality on the 
first day; therefore, a new rat was added to maintain the total 
number of 90. All experiments were completed according to 
the protocols of the University Animal Welfare and Ethical 
Review Committees of Zheng Gu hospital.

Behavioral testing. Basso, Beattie and Bresnahan (BBB) scores 
were assigned on the day prior to operation, and 1, 3 and 7 days 
following operation (10). All rats were randomly assigned to 

groups, ensuring that initial locomotor scores were equal-
ized among the groups. Severe compression injury produces 
spontaneous recovery to a BBB score of 4 (11). Behavioral 
testing was performed daily by two individuals blinded to 
the treatment groups, and functional recovery was assessed 
using the BBB locomotor rating scale. To determine whether 
these functional recoveries were due to axonal regeneration 
or activated local reflex of the segment below the injured site, 
transections on all rats were performed one segment distal 
(T10) from the previously injured spinal level. An anesthesia 
cocktail (2 ml/kg) of ketamine, xylazine and acepromazine 
was administered, and the transection was performed as 
described previously (12). Samples were frozen at ‑80˚C prior 
to further experiments. Rats were sacrificed using an overdose 
of pentobarbital sodium (100 mg/kg via intraperitoneal injec-
tion; P3761; Sigma-Aldrich; Merck Millipore) followed by 
transcardial perfusion.

H&E staining. H&E staining was performed as follows: 
Frozen sections of spinal cord (thickness, 2 µg) were dried 
in air following polysine coating, washed in distilled water 
for 1-2 min, immersed in hematoxylin solution for 1 min and 
washed again. Following treatment with 1% hydrochloric acid 
for 3 sec, sections were washed and treated with saturated 
lithium carbonate solution for 1 min, followed by washing. 
Then, sections were dehydrated in 80% alcohol for 1-2 min, 
stained in eosin for 1-2 min and subsequently washed. 
Following dehydration in graded alcohol and transparentiza-
tion in xylene, sections were mounted with neutral gum. 
Sections were observed using light microscopy (DMLP-MP30; 
Leica Microsystems GmbH, Wetzlar, Germany).

Western blot analysis. Transverse sections of spinal cords 
were lysed using radioimmunoprecipitation assay buffer 
(AR0105-10; Wuhan Boster Biotechnology, Ltd.) following 
treatment. Lysates (20 µl/lane) were separated by 10% 
SDS-PAGE and transferred to PVDF membranes. Membranes 
were probed with primary anti-HIF-1α and anti-VEGF anti-
bodies (both 1:500), and goat anti-mouse secondary antibody 
(1:1,000) and treated with chemiluminescence detection kit 
(A3417_5000-1; AppliChem GmbH, Darmstadt, Germany) 
according to the manufacturer's protocol. Band intensities 
were quantified using Image J (http://imagej.net/). β-actin 
(1:500; BM0627; Wuhan Boster Biotechnology, Ltd.) was used 
as a reference.

Immunohistochemistry. On 1, 3, 7 day following SCI or sham 
operation, 10 rats per group were sacrificed using an overdose of 
pentobarbital sodium (100 mg/kg via intraperitoneal injection), 
followed by transcardial perfusion of 0.9% saline for 5 min and 
then 4% paraformaldehyde (Sigma-Aldrich; Merck Millipore) 
in 0.1 M phosphate-buffered saline (PBS), pH 7.4, for 15 min 
at room temperature. Two 3-mm spinal cord segments, 1.5 mm 
rostral and 1.5 mm caudal to the lesion epicenter, were removed 
from each rat and post‑fixed in the same fixative for 2 h at 4˚C. 
Subsequently, segments were cryopreserved in 30% sucrose 
solution in PBS for 2‑3 days at 4˚C. Spinal cords were frozen in 
Tissue-Tek® optimum cutting temperature compound (Sakura 
Finetek USA, Inc., Torrance, CA, USA) and 15 µm transverse 
sections were cut and mounted on gelatin-coated glass slides. 
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Sections were pre-incubated in a blocking solution containing 
8% normal donkey serum (SP-072-VX10, ImmunoReagents, 
Inc., Raleigh, NC, USA) in diluent solution (1% bovine serum 
albumin (45496; EMD Millipore, Billerica, MA, USA) and 
0.3% Triton X-100 in 0.01 M PBS, pH 7.5) for 1 h at room 
temperature. Sections were subsequently incubated overnight 
at 4˚C with the anti‑HIF‑1α and anti-VEGF antibodies (both 
1:500 in the diluent solution. Sections were washed three times 
in 0.01 M PBS for 10 min each and then incubated with the goat 
anti-mouse antibodies (1:1,000) diluted in 0.01 M PBS for 1 h 
at room temperature in the dark. Sections were counterstained 
with toluidine blue (C0053; Shanghai Baoman Biotechnology 
Co., Ltd., Shanghai, China). Negative controls were treated 
with the secondary antibody alone. All samples were exam-
ined under a phase contrast microscope (08/357317, Olympus 
Corp., Tokyo, Japan.) and images were acquired using a digital 
camera and image-capturing software (both from Diagnostic 
Instruments, Inc., Sterling Heights, MI, USA).

Statistical analysis. The data were analyzed by one-way 
analysis of variance fol lowed by Student-Newman-Keuls tests 
of multiple comparisons to determine whether there were 
signifi cant differences between individual groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

BBB score measurement following operation. To verify 
whether SCI induction was successful, the BBB scores in 
the three groups were examined (Table I). There were no 
differences in the BBB scores among the three groups prior 
to operation. Immediately following the operation, the BBB 
scores in the three groups decreased to different extents. BBB 
scores in the SCI groups (both control and treatment groups) 
were significantly lower than in the sham group, suggesting 
that the SCI was successful (P<0.05). Following 1, 3 and 
7 days, BBB scores in the three groups had recovered to 
different extents and were significantly higher in the treatment 
group than in the control group (P<0.05). This suggests that 
administration of ML228 may alleviate SCI of the central 
nervous system and relieve associated symptoms.

H&E staining following operation. To further verify the success 
of SCI induction, H&E staining of the spinal cord sections was 
performed. Under a high magnification (x200), the organiza-
tional structure of the spinal cord in the sham group was clear and 
there was no obvious cell damage in any of the groups (Fig. 1). 
However, there were obvious disorders and a loose arrangement 

of structure in the control and treatment groups. Moreover, 
clear blank areas were visible, suggesting the formation of glial 
scars (Fig. 1). Cell structures in the SCI groups were incomplete 
and the cells exhibited demyelinating changes, neuron vacuole 
degeneration and nuclear pyknosis. Furthermore, there were a 
large number of polymorphonuclear cells and extensive macro-
phage infiltration, and the control group exhibited edema and 
massive bleeding. However, compared with the control group, 
the structure in the treatment group was more ordered and clear, 
and fewer necrosis areas and glial scars were observed (Fig. 1). 
These results further verified the success of SCI induction and 
the effect of ML228 in relieving SCI.

Expression of HIF‑1α and VEGF in the spinal cord detected 
by western blotting. The expression of HIF-1α and VEGF 
proteins in the spinal cord were measured by western blotting 
1, 3 and 7 days following the operation. (Fig. 2A and B) Levels 
of HIF-1α expression were significantly higher in the control 
and treatment groups compared with the sham group (P<0.05; 
Fig. 2C). Furthermore, the expression of HIF-1α in the treat-
ment group was significantly higher than in the control group 
(P<0.05; Fig. 2C). Similar results were observed regarding the 
expression of VEGF. In the control group, VEGF expression of 
control group was significantly higher than in the sham group 
(P<0.05) and expression of VEGF was significantly higher in 
the treatment group compared with the control group (P<0.05; 
Fig. 2D).

Expression of HIF‑1α and VEGF in the spinal cord detected 
by immunohistochemistry. To investigate the HIF-1α/VEGF 
signaling pathway expression profiling of SCI in vivo, the 
distribution of HIF-1α and VEGF expression was detected 
using immunohistochemistry. HIF-1α-positive cells were dyed 
lightest in color and were most highly dispersed in the sham 
group. Stronger dyeing of HIF-1α was observed in the control 
group and the number of HIF-1α-positive cells was higher than 
in the sham group. The strongest and most prevalent HIF-1α 
staining was observed in the treatment group (Fig. 3). This 
indicates that HIF-1α expression increases following SCI, and 
that HIF-1α expression levels are further increased by ML228 
treatment. VEGF positive cells were dyed lightest in color and 
were highly dispersed in the sham group. Stronger dyeing of 
VEGF was observed in the control group and the number of 
VEGF positive cells was higher than in the sham group. The 
strongest and most prevalent VEGF staining was seen in the 
treatment group (Fig. 4). This indicates that VEGF expression 
increases following SCI and that levels of VEGF expression 
are further increased by ML228 treatment.

Table I. Basso, Beattie, and Bresnahan scores at different time points (n=90).

Group Prior to operation  1 day after operation  3 days after operation  7 days after operation

Sham group (n=30) 21.00±0.00 18.34±0.42 18.96±0.33 19.34±0.41
Treatment group (n=30) 21.00±0.00 1.51±0.55a,b 4.37±0.51a,b 8.49±0.43a,b

Control group (n=30) 21.00±0.00 1.84±0.47a 2.09±0.44a 4.56±0.39a

aP<0.05 vs. sham group, bP<0.05 vs. control group.



CHEN et al:  HIF-1/VEGF SIGNALING PROMOTES SCI RECOVERY864

Figure 1. Hematoxylin and eosin staining of spinal cord tissue in the different groups 7 days after the operation was performed (magnification, x200).

Figure 2. Levels of expression of the HIF-1 and VEGF proteins. (A and B) Western blot analysis of HIF-1 and VEGF expression in the spinal cord. Densitometric 
analysis of (C) HIF-1 and (D) VEGF abundance in protein lysates of the spinal cord. VEGF, vascular endothelial growth factor; HIF-1, hypoxia inducible factor 
1; d, day(s). *P<0.05 vs. sham group; #P<0.05 vs. sham and control group.

Figure 3. Hypoxia inducible factor-1α expression pattern in spinal cord in different groups (A) 1 d, (B) 3 d and (C) 7 d after operation (magnification, x400). d, 
day(s).

  A

  B

  C
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Discussion

At present, SCI is a medical problem worldwide; figures 
indicate that the morbidity of SCI is 20-40 per million (13). 
Due to improvements in treatment, the mortality rate from SCI 
has decreased from ~50% in the early 20th century to 6% at 
present; however, the recovery from nerve damage remains 
poor.

HIF-1 is a transcriptional activator consisting of the oxygen 
regulation subunit HIF-lα and the structural subunit HIF-lβ, 
and regulates the expression of genes following changes in 
oxygen concentrations within cells (14). HIF-lα serves a crucial 
role in the regulation of multiple equilibrium in hypoxia. It 
is a transcription factor that improves the adaptation of cells 
and tissues to ischemic and hypoxic environments (15) and 
activates the transcription of a number of factors, including 
erythropoietin and VEGF (16). Recently, it has been demon-
strated that HIF-1 is widely involved in the adaption to hypoxia 
in mammalian cells. It is an important transcriptional regu-
lator of the cellular adaptation to hypoxia and is associated 
with a number of diseases (17). VEGF was initially identified 
as an endothelial specific growth factor, however it has been 
since been demonstrated that VEGF has a variety of different 
functions (18,19). VEGF is the most powerful angiogenesis 
promoting factor, which can directly act on vascular endothe-
lial cells, stimulate the proliferation and migration of vascular 
endothelial cells, and promote angiogenesis (20). Studies have 
suggested that VEGF is a type of nerve protection factor 
that acts by a separate mechanism to protect nerve cells and 
promote the survival of endothelial cells in an anti-apoptotic 
way, not only in angiogenesis (21,22). Furthermore, studies 
have demonstrated that, as well as having a nervous protective 
effect, VEGF has the ability to promote nerve regeneration 
and stimulate the growth and survival of neurons, glial cells 

and axons (23-25). HIF-1 is the upstream regulatory protein of 
VEGF transcription, which is itself upregulated by ischemia 
or hypoxia. The role of VEGF in various tumors and hypoxic 
ischemic heart disease is clear, however only a limited number 
of studies into the role of VEGF in spinal cord injury have 
been performed. Therefore, the present study investigated 
ML228, a known HIF-1/VEGF activator, and tested whether 
the activation of the HIF-1/VEGF signaling pathway was able 
to improve recovery from SCI.

The results demonstrated that the functional recovery, 
measured using the BBB scoring system, was improved by 
treatment with ML228. In addition, very low expression of 
HIF-1α and VEGF was detected in the spinal cord of the sham 
group. However, expression of these proteins significantly 
increased following SCI, indicating that a large number of 
HIF-1 and VEGF proteins are produced in order to adapt to 
the hypoxic ischemia induced by SCI in rats. Subsequently, 
as expected, following administration of the HIF-1/VEGF 
signaling pathway activator to the treatment group, HIF-1α 
and VEGF expression increased compared with the control 
group, suggesting that HIF-1/VEGF activation contributed to 
recovery from SCI.

The reduction of blood flow in the spinal cord is the primary 
cause of necrosis and nervous dysfunction (26). Regardless of 
the degree of trauma, ischemia and infarction appear in the 
gray matter 1-2 h after SCI, while the extent of trauma in the 
white matter is related to changes in blood flow (27). The 
severity of nerve dysfunction is determined by the ischemia 
extent of the white matter, and ischemia is one of the primary 
causes of secondary spinal cord injury (28). Mahon et al (29) 
demonstrated that ischemia and hypoxia of the spinal cord 
occur immediately following SCI, and determined that micro-
circulation changes following injury are a key mechanism of 
secondary damage. Therefore, other scientists have concluded 

  A

  B

  C

Figure 4. Vascular endothelial growth factor expression pattern in spinal cord in the different groups (A) 1 d, (B) 3 d and (C) 7 d after operation (magnification, 
x400). d, day(s).
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that hypoxia may be a useful technique for tissue specific 
gene therapy, as it has reduced side effects and increased 
efficacy (30). Long et al (31) determined that in hypoxic condi-
tions following SCI, the upregulation of VEGF is consistent 
with increasing HIF-1α in acute periods, in accordance with 
the results of the current study. Furthermore, there is a correla-
tion between VEGF expression and angiogenesis (protecting 
vascular endothelial cells, increasing blood vessel density and 
improving regional blood flow), neurogenesis (antiapoptosis, 
neurotrophy and attenuating axonal degradation), and loco-
motor ability improvement (32,33).

In conclusion, intervening to increase the activity of the 
HIF-1/VEGF signaling pathway by administrating ML228 
following SCI may improve the local hypoxic ischemia 
environment, reduce SCI secondary injury and promote the 
recovery of neurological function. Further studies on the 
mechanism of SCI are required and may provide novel thera-
peutic strategies for future SCI treatment.
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