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Abstract

Rhodioloside has been shown to protect cells from hypoxia injury, and bone marrow mesenchymal stem cells have a good effect on tissue
repair. To study the effects of rhodioloside and bone marrow mesenchymal stem cells on spinal cord injury, a rat model of spinal cord injury
was established using the Infinite Horizons method. After establishing the model, the rats were randomly divided into five groups. Rats in
the control group were intragastrically injected with phosphate buffered saline (PBS) (5 puL). PBS was injected at 6 equidistant points around
5 mm from the injury site and at a depth of 5 mm. Rats in the rhodioloside group were intragastrically injected with rhodioloside (5 g/kg)
and intramuscularly injected with PBS. Rats in the mesenchymal stem cell (MSC) group were intramuscularly injected with PBS and in-
tramuscularly with MSCs (8 x 10°mL in a 50-pL cell suspension). Rats in the Ad-HIF-MSC group were intragastrically injected with PBS
and intramuscularly injected with HIF-1 adenovirus-infected MSCs. Rats in the rhodioloside + Ad-HIF-MSC group were intramuscularly
injected with MSCs infected with the HIF-1 adenovirus and intragastrically injected with rhodioloside. One week after treatment, exercise
recovery was evaluated with a modified combined behavioral score scale. Hematoxylin-eosin staining and Pischingert’s methylene blue stain-
ing were used to detect any histological or pathological changes in spinal cord tissue. Levels of adenovirus IX and Sry mRNA were detected
by real-time quantitative polymerase chain reaction and used to determine the number of adenovirus and mesenchymal stem cells that were
transfected into the spinal cord. Immunohistochemical staining was applied to detect HIF-1 protein levels in the spinal cord. The results
showed that: (1) compared with the other groups, the rhodioloside + Ad-HIF-MSC group exhibited the highest combined behavioral score (P
< 0.05), the most recovered tissue, and the greatest number of neurons, as indicated by Pischingert’s methylene blue staining. (2) Compared
with the PBS group, HIF-1 protein expression was greater in the rhodioloside group (P < 0.05). (3) Compared with the Ad-HIF-MSC group,
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Sry mRNA levels were higher in the rhodioloside + Ad-HIF-MSC group (P < 0.05). These results confirm that rhodioloside combined with
bone marrow mesenchymal stem cells can promote the recovery of spinal cord injury and activate the HIF-1 pathway to promote the sur-
vival of bone marrow mesenchymal stem cells and repair damaged neurons within spinal cord tissue. This experiment was approved by the
Animal Ethics Committee of Gansu University of Traditional Chinese Medicine, China (approval No. 2015KYLL029) in June 2015.
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Introduction

Spinal cord injury (SCI) refers to injuries to the spinal cord
that are caused by trauma (Silva et al., 2014). Approximately
200,000 people are currently living with SCIs in the United
States, and every year, approximately 12,000 to 20,000 new
cases are estimated to occur. The rates range from 12 cases
per million to nearly 60 cases per million in different coun-
tries (van den Berg et al., 2010; Selvarajah et al., 2014). Acute
SCI can instantaneously change the function of every organ
system, and primary mechanical trauma is usually followed
by a series of secondary injuries, including ischemia, hypox-
ia, electrolyte disorders, edema, and loss of energy metabo-
lism (Fan et al., 2013). Changes in injured and adjacent areas
after the acute postinjury phase can cause progressive neuro-
nal death. SCI is currently incurable, and treatment is limit-
ed to minimizing secondary complications and maximizing
residual function through rehabilitation (Popa et al., 2010;
Zhang et al., 2016). The demand for treatments that rescue
and reactivate spinal cord systems and restore function after
SCI is urgent, and new methods need to be developed as
soon as possible.

Transplanted mesenchymal stem cells (MSCs) have shown
the potential to be a treatment for patients with SCI (Zhou
et al., 2013; Garcia et al., 2019; Mukhamedshina et al., 2019).
Human bone marrow-derived MSCs (hBMSCs) can survive,
migrate, and integrate into the host tissue when they are
transplanted into animal models of central nervous system
injuries, including SCI (Lin et al., 2018). After being trans-
planted into the injured spinal cords of rats, hBMSCs are
believed to transdifferentiate into cells of neural lineage and
into endothelial cells, which then help restore spinal system
functions (Diao et al., 2010). Moreover, MSCs can exert a
protective effect through the production of antiapoptotic
and trophic factors via immunomodulatory action. Howev-
er, MSCs have no protective effects against further damage
caused by ischemia and hypoxia. Thus, treatments are ur-
gently needed to solve this problem. Hypoxia-inducible fac-
tor 1 (HIF-1) and Rhodiola rosea are two promising drugs.

HIF-1 is the master regulator of responses to insufficient
oxygen supply, and is critical in mediating the neuroprotec-
tive effects of heat acclimation in traumatic brain injury (Um-
schweif et al., 2013). At the early stages of SCI, overexpression
of HIF-1 and its target genes might help induce hypoxia tol-
erance and regulate the vascularity of the injured spinal cord.
HIF-1 is thought to protect hypoxic cells from apoptosis and
necrosis under ischemic and anoxic conditions and to protect
the nervous system from further damage (Yang et al., 2016).
Rhodiola rosea is a widely used traditional Chinese medicine
with a wide range of pharmacological functions, such as be-
ing an antioxidant, an anti-inflammatory, and anticancerous.
Rhodiola rosea can also significantly reduce damage to the

ultrastructure of rat organs caused by hypoxia and improve
the body’s oxygen utilization coeflicient and tolerance to hy-
poxia, which is related to improved expression of HIF-1 (Qi
et al., 2015). Therefore, HIF-1 and Rhodiola rosea may play
important roles in the recovery of SCI.

In the present study, a rat model of SCI was established
to determine the effects of (Rho, the major component of
Rhodiola rosea) on the recovery of SCI in rats, HIF-1lex-
pression, and the restoration of pathological spinal cord
systems. We aimed to determine whether Rho combined
with HIF-1-expressing BMSCs have a better effect in treating
SCI than either Rho or BMSCs alone and to provide a viable
method for potential clinical treatment in the future.

Materials and Methods

Cell culture

BMSCs were purchased from Chsurei Biotechnology (Jiang-
yin, China) and cultured in a humidified atmosphere of 95%
air and 5% CO, at 37°C using Dulbecco’s modified Eagle’s
medium (Gibco, Shanghai, China) with 10% fetal bovine
serum, 100 U/mL ampicillin, and 100 pg/mL streptomycin
(Invitrogen, Shanghai, China).

Establishment of acute SCI rat models

A total of 120 specific-pathogen-free male adult
Sprague-Dawley rats aged 4 weeks and weighing 300 + 20
g were purchased from the Animal Center of Gansu Uni-
versity of Traditional Chinese Medicine, China [license No.
SCXK (Gan) 2016-0006]. All experimental procedures and
protocols were approved by the Experimental Animal Ethics
Committee of Gansu University of Traditional Chinese Med-
icine, China (approval No. 2015KYLL029) in June 2015. The
experimental procedure followed the United States National
Institutes of Health Guide for the Care and Use of Laborato-
ry Animals (NIH Publication No. 85-23, revised 1996).

A rat SCI model was established using an Infinite Horizons
impactor-0400 Spinal Cord Impactor (PSI, Lexington, KY,
USA) (Hubscher et al., 2006). Briefly, rats were anesthetized
by intraperitoneal injection of pentobarbital sodium at 50
mg/kg and fixed on a stereotaxic apparatus (DL Naturegene,
Beijing, China). Fur was sheared and rats were disinfected
with 75% ethanol. An approximately 3 cm incision was made
at the 12" rib. The skin was opened and the muscles around
the spinous process were separated. The spinal cord was
exposed by removing the T12-L1 vertebral plate and open-
ing the spinal canal and spinal dura mater. The T11 and L2
vertebral bodies were fixed by forceps to ensure the location
of the injury. The contusion was introduced with a Horizons
spinal cord impactor at the spinal cord corresponding to
the T12 spinous process. The striking force was 20.0 x 2.5
g-cm, and the contact time was 0.1 second. The muscles were
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realigned and the wound was closed. The rat body rapidly
retracted and shivered, the surface of the local spinal cord
rapidly suffered from edema and congestion, and the dura
mater remained intact, indicating that the SCI model was
successfully established. The body temperature was main-
tained at 36-37°C with an incandescent lamp and rectal
thermometer monitoring throughout the operation. Rats
were individually housed and given tetracycline (10 mg/kg,
three times a day, orally) for 3 days.

BMSCs and infection with adenovirus

Third-passage cells were seeded in 10 cm flasks at a concen-
tration of 1 x 10" cell/mL. After reaching 85% confluence,
cells were infected with an adenovirus (Key Lab for Stem
Cells and Gene Drugs, Gansu Province, Lanzhou, China)
carrying HIF-1 at a multiplicity of infection (MOI) of 2 in
the presence of 8 ug/mL of polybrene. The medium was
changed 12 hours after adding the virus. The cells were col-
lected 48 hours post-infection for transplantation.

Transplantation of BMSCs and Rho

The 120 SCI model rats were randomly divided into five
groups. In the control group (n = 24), PBS was administered
intramuscularly and intragastrically. In the MSCs group (n
= 24), rats were injected with MSCs at 6 equidistant points
about 5 mm from the injury site and at a depth of 5 mm, and
PBS was administered intramuscularly and intragastrically.
In the Ad-HIF-MSC group (n = 24), rats were intramuscu-
larly injected with Ad-HIF-MSC (Key Lab for Stem Cells
and Gene Drugs, Gansu Province, Lanzhou, China), and
PBS was administered intragastrically. In the Rho group (n
= 24), rats were intramuscularly injected with PBS and Rho
(Chemical extract of Rhodiola; Tibet Military Rhodiola De-
velopment Center, Lhasa, China) was administered intragas-
trically by oral gavage. In the Rho + Ad-HIF-MSC group (n
= 24), rats were intramuscularly injected with Ad-HIF-MSC
and Rho was administered intragastrically. All interventions
were carried out two days after establishing the SCI model.
In total, 106 BMSCs were resuspended in 200 pL of PBS and
Rho was intragastrically administered to rats by gavage at a
dose of 5 mg/kg in 0.5 mL PBS for 6 hours after modeling.
Rats were euthanized with a 10 mL intraperitoneal injection
of 20% phenobarbital after processing was complete (Sigma,
St. Louis, MO, USA).

Immunohistochemical staining

The transplanted spinal cord tissues were removed at 1, 2, and
3 weeks after transplantation, and HIF-1 protein expression in
tissue slides was detected via immunohistochemistry. Slides
were deparaffinized by washing them three times for 5 min-
utes in xylene and then rehydrating them by immersion three
times in 100% alcohol (3 minutes each time), twice in 95% al-
cohol (3 minutes each time), and twice in 80% alcohol (3 min-
utes each time), followed by rinsing for 5 minutes in running
distilled water. Endogenous peroxidase activity was quenched
with freshly made 0.3% hydrogen peroxide. The antigen was
heat retrieved in citrate buffer as follows: slides were im-
mersed in 0.01 M citrate buffer and boiled in a microwave for
5 minutes. This heating process was repeated three times, and
the samples were cooled down and rinsed three times with
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0.01 M PBS for 3 minutes. Slides were blocked with normal
rabbit serum at 37°C for 30 minutes before incubation with
rabbit anti-HIF-1 (1:1000; PR-1053; Hopebiotech, Zhenjiang,
China) overnight at 4°C. The slides were then rinsed with 0.01
M PBS three times (3 minutes each) before incubation with
biotin-conjugated goat anti-rabbit IgG secondary antibody
(1:8000), at 37°C for 30 minutes, and then rinsed with 0.01
M PBS three times (3 minutes each) followed by incubation
with horseradish peroxidase-labeled streptavidin working
solution at 37°C for 30 minutes. Slides were rinsed with PBS
and then developed with 3,3'-diaminobenzidine (ZSGB-
Bio, Beijing, China), followed by rinsing with tap water and
counterstaining with hematoxylin. The slides were dehydrated
with gradient alcohol, cleared with xylene, and mounted with
neutral resin. The immunohistochemical results (i.e., protein
expression) were observed by a microscope (CX23; Olympus,
Tokyo, Japan). Semi-quantitative analysis and further com-
parative analyses were conducted using Image] 1.8 software
(NIH, New York, USA).

Quantitative real-time polymerase chain reaction

mRNA expression levels for adenovirus gene IX and Sry were
compared at different time points to detect the number of
adenovirus and MSCs transferred to the spinal cord and their
survival after transplantation, which reflected the relative
levels of adenovirus and numbers of MSCs, respectively. To-
tal RNA from rat spinal cord was extracted with the RNeasy
Mini Kit (Qiagen, Shanghai, China) according to the manu-
facturer’s manual. First-strand cDNA was synthesized using
a reverse transcription kit from Tiangen Bio (Beijing, China)
according to the manufacturer’s protocol. Quantitative re-
al-time polymerase chain reaction (RT-PCR) was performed
with a quantitative PCR kit from TransGen (AQ131-01; Bei-
jing, China) in a thermocycler (Eppendorf Mastercycler ep
realplex) with the corresponding primers (Table 1). The reac-
tion protocol consisted of 95°C for 3 minutes, followed by 40
cycles of 95°C for 30 seconds, 55°C for 20 seconds, and 72°C
for 20 seconds. The relative mRNA levels were calculated by
the 27*“ method (Livak et al., 2013).

Functional index and histological evaluation of SCI repair
Gross specimen observations, histological observations,
and behavioral evaluations were performed at 1, 3, 6, and 12
weeks after transplantation. The evaluation criteria for neu-
rological function were based on the Combined Behavioral
Score Scale (Kerasidis et al., 1987). Evaluation categories
included movement in open space, toe stretching, ground
touching, reflex, posture change, ramp climbing, and swim-
ming. The maximum score is 100 points for normal activity

Table 1 Primer sequences of the genes

Product
Gene Sequence (5'-3") size (bp)
Sry Forward: GCT GCA ATG GGA CAA CAACC 40
Reverse: TTC TTG GAG GAC TGG TGT GC
Adenoviral ~ Forward: CGC GGG ATT GTG ACT GAC T 41
geneIX Reverse: GCC AAA AGA GCC GTC AACTT
B-Actin Forward: GTA AAG ACC TCT ATG CCA ACA 41

Reverse: GGA CTC ATC GTA CTC CTG CT
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and 0 points for complete paralysis of the hind limbs.

Histological changes in the spinal cord after SCI were eval-
uated by hematoxylin-eosin staining (Beyotime, Shanghai,
China). Stained sections can show the repair of tissue struc-
ture and the regeneration of blood vessels and neurons. The
histology of the spinal cord was also examined by Pischin-
gert’s methylene blue staining (Beyotime, Shanghai, China).
Nissl bodies were dyed blue with methylene blue, which can
reveal neuronal regeneration. The neuronal results were ob-
served with an optical microscope (CX23; Olympus).

Statistical analysis

Measured data are expressed as the mean + SD. Data were
analyzed by SPSS 19.0 software (IBM Corp., Armonk, NY,
USA). Two-way repeated measures analysis of variance
(ANOVA) was used for comparison among groups and the
Tukey’s post hoc test was used to identify specific group dif-
ferences. P < 0.05 was considered statistically significant.

Results

Rho and BMSCs temporarily up-regulate HIF-1a
expression after acute SCI

HIF expression in the spinal cord was detected by immuno-
histochemistry at 1, 2, and 3 weeks, and the expression levels
were significantly higher than in the control or MSCs groups
(P < 0.05). The Rho, Ad-HIF-MSC, and Rho + Ad-HIF-MSC
groups exhibited significantly higher levels (P < 0.05) than
control, and this decreased over time. HIF-1 expression was
highest in the Rho + Ad-HIF-MSC group at 3 weeks (P < 0.05;
Figure 1).

Rho prolongs the survival of transplanted BMSCs

The successful transplantation of HIF-1-expressing adeno-
virus-infected BMSCs and their survival were assessed by
detecting the adenovirus IX and Sry gene. Transcripts of the
adenoviral gene Sry were undetectable in the spinal cords of
rats in the control or Rho groups, but were highly expressed
in the MSC, Ad-HIF-MSC, and Rho + Ad-HIF-MSC groups
(P < 0.05; Figure 2A). Sry expression decreased with time,
and was highest in the Rho + Ad-HIF-MSC group at 6 weeks
(P < 0.05). Adenovirus gene IX was only expressed in the
Ad-HIF-MSC and Rho + Ad-HIF-MSC groups, and was
highest in the Rho + Ad-HIF-MSC group at 6 weeks (P < 0.05;
Figure 2B).

Rho and BMSCs improve the recovery of locomotive
activity after acute SCI
The recovery of locomotive activity was evaluated using the

Combined Behavioral Score Scale at 1, 3, 6, and 12 weeks af-
ter acute SCI. Scores were higher in the Rho, MSC, Ad-HIF-
MSC, and Rho + Ad-HIF-MSC groups than in the control
group at each time point. The test results are shown in the
Table 2. In the first week after surgery, the scores were sig-
nificantly higher in the Ad-HIF-MSC and Rho + Ad-HIF-
MSC groups than in the Rho or MSC groups (P < 0.05).
However, scores for the Ad-HIF-MSC and Rho + Ad-HIF-
MSC groups did not differ significantly (P > 0.05). At 3, 6,
and 12 weeks after transplantation, scores were higher in the
Rho + Ad-HIF-MSC group than in the Ad-HIF-MSC group
at each time point (P > 0.05; Table 2).

Rho and BMSCs improve the neuronal pathology that
results from acute SCI

Histological changes confirmed the neuronal recovery after
acute SCI. The spinal cord of rats receiving PBS gradually
lost integrity, with increasing vacuole formation and neuro-
nal cell death (Figure 3A). However, the spinal cord of rats
receiving BMSC transplantation and/or Rho treatment had
varying levels of tissue regeneration and neuronal growth,
which resulted in healthier tissue structure, fewer cavities,
more neurons, and hyperplastic tissue filling (Figure 3A).
The best results were seen in the rats who received both Rho
and the adenovirus-infected MSCs.

After acute SCI in the control group, spinal neurons expe-
rienced atrophy, degeneration, and necrosis with a reduction
in Nissl bodies. Neurogenesis at the early stage was seldom
observed, and the number of neurons in the damaged re-
gion of the spinal cord did not recover by 12 weeks post-SCI
(Figure 3B). In contrast, rats that received Rho and/or the
HIF-1-carrying adenovirus-infected MSCs, the number and
cellular volume of neurons gradually recovered (Figure 3B).

Discussion

In recent years, transplant of MSCs in animal models of SCI
has been shown to promote the recovery of spinal cord func-
tion (Sykova et al., 2006; Ozdemir et al., 2012; Chen et al.,
2014). MSCs may promote recovery from SCI by remyelinat-
ing spared white matter tracts or inducing axonal regrowth.
The earliest Bregman and Richardson studies showed that
transplant of peripheral nerves and fetal cords can promote
the regeneration of axons after SCI (Richardson et al., 1980;
Bregman, 1987). MSCs can themselves synthesize growth
factors and cytokines, thereby promoting neuronal survival
and axonal growth, and most notably, reducing inflamma-
tory responses and cavity formation. Hematoxylin-eosin
staining showed that 3 weeks after MSC transplant, the

Table 2 Average combined behavioral score in each group at different post-injury times

Post injury (wk) Control MSCs Rho Ad-HIF-MSCs Rho + Ad-HIF-MSCs
22.14+1.36 29.15+1.93" 30.38+3.96" 35.67+1.82" 36.28+4.26"™

3 36.19+1.52 45.2+3.56™ 62.52+4.52™ 57.34%3.64"™ 67.39+5.68"%

6 50.65+1.09 60.34+5.46™ 75.65+5.32" 78.39+3.58" 83.67+6.35"%

12 53.39+1.63 67.56+6.38" 81.27+7.58" 83.36+5.21" 94.61+8.35"*

*P < 0.05, ¥*P < 0.01, vs. control group; ##P < 0.01, vs. Ad-HIF-MSCs group. Data are expressed as the mean + SD (n = 3; two-way repeated-
measures analysis of variance followed by Tukey’s post hoc test). The value represents the effect of repairing acute spinal cord injury. The higher the
value, the better the effect. Ad: Adenovirus; Con: control; HIF: hypoxia-inducible factor; MSCs: mesenchymal stem cells; Rho: rhodioloside.
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Figure 1 Immunohistochemical staining of spinal cord tissue with an antibody against HIF-1 in each group at 1, 2, and 3 weeks after acute

SCL

(A) Immunohistochemical staining of spinal cord tissue (original magnification, 200x), scale bars: 100 um. HIF-1 positive cells are dark brown. (B)
Relative integrated optical density. P < 0.001, vs. control group; #P < 0.05, vs. Rho group. Data are expressed as the mean + SD (n = 3; two-way
repeated measures analysis of variance followed by Tukey’s post hoc test). Ad: Adenovirus; Con: control; HIF: hypoxia inducible factor; MSC: mes-

enchymal stem cell; Rho: rhodioloside.
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Figure 2 Relative mRNA levels of Sry (A) and adenoviral gene IX (B) in each group at 0, 1, 3, and 6 weeks.
#%P < 0.01, vs. control group; #P < 0.05, ##P < 0.01, vs. Ad-HIF-MSC group; 1P < 0.01, vs. MSCs group. Data are expressed as the mean + SD (n =
3; two-way repeated measures analysis of variance followed by Tukey’s post hoc test). Ad: Adenovirus; Con: control; HIF: hypoxia inducible factor;

MSC: mesenchymal stem cell; Rho: rhodioloside.

number of cavities was greater in the control group than in
the Rho group, and many hyperplastic tissues were observed
in the spinal cords of the MSC group. At 12 weeks, the con-
trol group exhibited more empty cavities in the spinal cord
tissue, more neuronal necrosis, darker colors, and more vac-
uoles near the transection than the Rho group. We did not
observe any obvious cavities in the spinal cords of the MSC
group. Small, bright colors and numerous neuronal fibers
and cell bodies were visible in this group. In particular, the
group treated with the combination of Rho and Ad-HIF-
MSCs showed the most obvious results. However, the mech-
anism requires further analysis.

This study found that MSC can be combined with cyto-
kines or other cell-transplant treatments, such as the promo-
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tion of granulocyte colony-stimulating factor, to repair SCI.
Granulocyte colony-stimulating factor has a role in injury
repair. A study found that granulocyte colony-stimulating
factor and autologous MSC transplantation into the SCI site
markedly improved the recovery of behavioral functions in
rats (Urdzikova et al., 2006). Tissue hypoxia is a common
theme in acute SCI due to vascular system damage, which
not only causes metabolic changes (increased lactate lev-
els) (Okon et al., 2013), but also triggers hypoxic responses
(increased HIF-1a levels and target genes) due to ischemia
(Haque et al.,, 2017). Administration of HIF-1-carrying
adenovirus into damaged rat spinal cord tissue after SCI
increased the expression of Bcl-2 and VEGE, decreased the
level of Bax, reduced apoptosis, and promoted the recovery
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Figure 3 Morphological changes in the rat spinal cord at 1, 3, 6 and 12 weeks after acute spinal cord injury.

(A) Hematoxylin-eosin staining of the spinal cord in the con, Rho, MSC, Ad-HIF-MSC, and Rho + Ad-HIF-MSC groups (original magnification,
200x): Blood vessels are reddish and the neurons are purple. Greater numbers of neurons and blood vessels were observed at 6 and 12 weeks in the
con and Rho + Ad-HIF-MSC groups. (B) Pischingert’s methylene blue staining of the spinal cord in the con, Rho, MSC, Ad-HIF-MSC, and Rho
+ Ad-HIF-MSC groups (original magnification, 200x): Edema cavities are white and neuros are dark blue. There was no obvious repair in the con
group. More neurons and less edema were visible in the Rho + Ad-HIF-MSC group at 12 weeks. Scale bars: 100 pm. Ad: Adenovirus; Con: control;
HIF: hypoxia-inducible factor; MSC: mesenchymal stem cell; Rho: rhodioloside.

of neurological function (Haque et al., 2017). In the current
experiment, HIF-1 was used to help the injured spinal cord
recover further. Our results showed that the spinal cord of
rats that received HIF-1-expressing adenovirus-infected
MSCs had greater levels of tissue regeneration and neuronal
growth, as evidenced by Pischingert’s methylene blue stain-
ing and hematoxylin-eosin staining.

Rho can increase HIF-1 expression and the survival rate of
MSCs, and might accelerate rat recovery from acute SCI by
reducing neuronal injury and promoting neuronal regener-
ation. Therefore, Rho might be able to play a role in promot-
ing recovery from SCI. The traditional Chinese medicine
Rhodiola rosea has been used clinically to treat cardiovascu-
lar diseases, such as coronary heart disease, hypertension,
and myocarditis. Studies have shown that this treatment can
improve cardiac function, enhance cardiomyocyte aerobic
metabolism, and promote angiogenesis (Ling and Liang,
2016). Rho is the primary active ingredient in Rhodiola
rosea, and it has a beneficial effect on the proliferation and
differentiation of MSCs in vitro and promotes the differ-
entiation of rat MSCs into dopaminergic neurons (Zhang
et al., 2012). Bai et al. (2014) found that Rho promoted the
therapeutic effects of MSCs and improved the survival rate
of MSCs. However, the mechanism through which it (and by
extension Rhodiola rosea) achieves its specific and efficacious
effects is unclear. The inhibitory effect of Rho on hypox-
ia-induced SCI may be through the activation of Akt phos-
phorylation, which induces stable expression of the HIF-1
pathway and further promotes the expression of VEGE The
results achieved in the current study demonstrated that Rho
might act to up-regulate HIF-1 expression, whereas VEGF

is a downstream target protein of HIF-1 (He et al., 2016). It
is worth noting that although we detected HIF-1 between
1-3 weeks after the HIF-1 gene therapy, the regulation of
hypoxia and ischemia in the spinal microenvironment can
last longer than 3 weeks (Li et al., 2017). In hypoxic myocar-
dium, HIF-1 and VEGF expression is further upregulated,
which ultimately leads to proliferation of blood vessels in the
myocardium, establishment of collateral circulation, and re-
modeling of the myocardium (Mihaljevi¢ et al., 2017). In ad-
dition, recent studies have confirmed that VEGF can inhibit
apoptosis, and it has neuroprotective effects that directly in-
hibit apoptosis and stimulate neurogenesis (Peng et al., 2016;
Luo et al., 2018).

Therefore, studies on MSCs combined with transplanta-
tion of cytokines or MSC for the treatment and repair of SCI
have greatly increased our knowledge in recent years, but
studies on the repair of SCI using MSCs modified with Chi-
nese herbs combined with cytokines have not yet been re-
ported. The current study primarily used the Chinese medi-
cine Rhodiola rosea combined with cytokine-modified MSCs
to examine the repair of SCI injury. This treatment involved
the hypoxic-ischemic protective function of HIF-1a and the
multi-directional differentiation potential of MSCs. No im-
munogenic advantages, combined with strong anti-hypoxic
effects, and angiogenesis, were observed. Rhodiola rosea
enhances HIF-1 expression, promotes MSCs survival, and
ultimately improves the neuronal organization in the spinal
cord after SCI injury in rats. Repair and functional recovery
provide a potential therapeutic strategy for the treatment of
SCI. This treatment could potentially provide scientifically
feasible regenerative repair and functional reconstruction for
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multi-organ and multi-tissue injuries under hypobaric and
ischemic conditions.

Although treatment with Rho and MSCs combined with
some HIF-1 cytokines can accelerate the repair of SCI, there
are still some problems that must be solved in practical re-
search and clinical applications. (1) The specific mechanisms
through which Rho combined with cytokine-modified
MSCs accelerates SCI recovery, and the specific effects on
SCI treatment are unclear. We did not examine the immune
response of MSCs in this study. (2) The influencing factors
and mechanisms through which Rho combined with HIF-1
cell transplantation affect SCI recovery have not been stud-
ied clearly. (3) At present, most studies are limited to animal
experiments, while studies of clinical applications are less.
However, we believe that with continuing SCI research, these
problems will be resolved. The Chinese herbal medicine Rho
could potentially open a new path for clinical treatment and
rehabilitation of SCI.

In summary, Rho and MSCs might accelerate recovery
from SCI by activating different pathways. A combination of
Rho with MSCs show synergistic effects, as Rho can promote
the survival and neuronal differentiation of MSCs through
activation of the HIF-1 pathway.
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