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Notoginsenoside R1 alleviates spinal cord injury by inhibiting 
oxidative stress, neuronal apoptosis, and inflammation via 
activating the nuclear factor erythroid 2 related factor 2/heme 
oxygenase-1 signaling pathway
Hongbo Luoa,*, Zhangli Baob,*, Mingjian Zhouc, Yuxin Chena and Zhaoxi Huangd    

The secondary injury plays a vital role in the development 
of spinal cord injury (SCI), which is characterized by the 
occurrence of oxidative stress, neuronal apoptosis, and 
inflammatory response. Notoginsenoside R1 (NGR1) has 
been involved in the modulation of antioxidative stress and 
anti-inflammatory response. However, its roles in SCI-
induced injury are still unknown. We explored the therapeutic 
effect of NGR1 and its underlying mechanism after SCI by 
using behavioral, biochemical, and immunohistochemical 
techniques. The administration of NGR1 after SCI enhanced 
the neurological function, and mitigated tissue damage 
and motor neuron loss than those in SCI + vehicle group. 
Meanwhile, significantly increased expression of Nrf2 protein 
and HO-1 protein was found in the SCI + NGR1 group 
compared with those in the SCI + vehicle group. In addition, 
the inhibitory effects of oxidative stress, apoptotic neuron 
ratio, and neuronal inflammation in the SCI + NGR1 group 
can be partially reversed when the Nrf2/HO-1 signaling 

pathway was inhibited by ML385. Our results indicate that 
the administration of NGR1 can attenuate oxidative stress, 
neuronal apoptosis, and inflammation by activating the 
Nrf2/HO-1 signaling pathway after SCI, thereby improving 
neurological function. NeuroReport 33: 451–462 Copyright © 
2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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Introduction
As a severe neurological disease, spinal cord injury (SCI) 
plays a crucial role in causing death and permanent dis-
ability in countries worldwide [1]. Most injuries of the 
spinal cord are comprised of the primary injury charac-
terized by tissue damage and the secondary injury repre-
sented by progressive cell loss and death in the later stage 
[2]. The secondary injury of SCI will trigger the excessive 
accumulation of reactive oxygen species, which will fur-
ther result in a series of complex biochemical changes, 
including edema, oxidative stress, initiation of neuronal 
apoptosis, and inflammation-dependent signaling path-
ways [3,4]. These changes trigger the physical and func-
tional impairment following SCI and further exacerbate 
the continuous insult to the tissues around the epicenter 
of the injury site [5,6]. Therefore, it is imperative to fur-
ther illustrate the potential mechanisms of secondary 
damage and explore effective therapeutic strategies to 
inhibit oxidative stress, neuronal apoptosis, and inflam-
matory response caused by secondary damage.

Notoginsenoside R1 (NGR1), namely C
47

H
80

O
18

, is the 
major active component extracted from the traditional 
Chinese medicine called Panax notoginseng [7]. It is 
closely related to the antioxidative stress, anti-inflamma-
tory response, antiangiogenesis, and antiapoptotic effects 
[8–10]. It has been reported that NGR1 can exert anti-in-
flammatory and antiapoptotic activities through the 
phosphatidylinositol-3-kinase/protein kinase B (PI3K/
AKT) axis, thereby reducing cardiac dysfunction and 
improving renal dysfunction caused by ischemia/reper-
fusion [11,12]. What is more, NGR1 treatment improves 
cognitive function and enhancing the expression of insu-
lin degrading enzyme in an Alzheimer’s disease mouse 
model [13]. In addition, recent study has proved that 
NGR1 administration protects PC-12 cells against LPS-
induced inflammatory insult through upregulating the 
expression of miR-132 [14]. However, the therapeutic 
effect and underlying mechanism of NGR1 on traumatic 
SCI have not been thoroughly investigated.

The basic leucine zipper transcription molecule nuclear 
factor erythroid 2 related factor 2 (Nrf2) with Cap‘n’ col-
lar structure is widely expressed in various tissues [15]. 
Recently, accumulating evidences have shown its crucial 
role in maintaining the balance of endogenous redox state 
and the expression of genes related to cell metabolism, 
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cell protection, immune response, and cell cycle homeo-
stasis [16–18]. As a transcription factor of stress response, 
Nrf2 exerts a neuroprotective role in various nervous sys-
tem diseases including traumatic SCI [19]. In addition, 
Nrf2 has also been shown to participate in controlling 
the expression of antioxidant response element-driven 
genes, which encode antioxidant/detox enzymes such as 
Heme oxygenase-1 (HO-1) [20]. Endogenous HO-1 is 
shown to exist in spinal cord neurons following SCI insult 
and HO-1 overexpression promotes functional recovery 
and prohibits the formation of NLRP1 inflammasome 
after SCI injury [21,22]. What is more, HO-1 treatment 
has also been shown to inhibit acute SCI-induced dis-
ruption of the blood-spinal cord barrier and the initiation 
of oxidative stress [23]. Therefore, we hypothesize that 
NGR1 treatment can attenuate SCI-induced neurolog-
ical impairment by activating the Nrf2/HO-1 signaling 
pathway.

In this study, we established a rat SCI model to explore 
the therapeutic roles of NGR1 as well as its potential 
mechanisms for regulating oxidative stress, neuronal 
apoptosis, and inflammatory response. Our findings fur-
ther clarify our knowledge of Nrf2 and provide more the-
oretical basis for future clinical treatment of SCI.

Materials and methods
Experimental animals
A total of 52 adult male Sprague–Dawley rats (weighed 
280–300  g and aged 12–14  weeks old) were purchased 
from Shanghai SLAC Laboratory Animal Co. Ltd 
(Shanghai, China). The rats were kept in a humidity-con-
trolled room (25 ± 1 °C, 60–70% humidity, and with lights 
between 7:00 a.m. and 7:00 p.m.) and were given free 
access to food and water. All rats were cared for in accord-
ance with the National Institutes of Health guide for the 
care and use of Laboratory animals (NIH Publications No. 
8023, revised 1978). All study procedures were approved 
by the Ningde Municipal Hospital Institutional Animal 
Care and Use Committee.

Spinal cord injury model
The experimental SCI model was established in rats 
by the modified weight-drop method as previously 
described [24]. Briefly, before SCI, rats were anesthe-
tized with intraperitoneal injections of pentobarbital 
(50  mg/kg, b.w.) and then fixed on the operating table 
in the prone position. There is no rat exhibited signs of 
peritonitis, pain or discomfort following administration of 
10% chloral hydrate. A 3-cm midline incision was made 
at the level of the T12 vertebra to fully expose the ver-
tebrae and perform laminectomy using tissue scissors. 
Then, a 10 g impactor device with a diameter of 2 mm 
was dropped freely at a height of 2.5 cm to completely 
impact the spinal cord, then it was immediately removed 
to form an injury area of a specific size. After being 
impacted, the rats will have tail sway reflex and twitch-
ing and contraction of both hind limbs and body, which 

is the stress reflex of the rats, and indicates that the SCI 
model was successfully performed. The rats in the sham 
operation group underwent the same surgical procedure 
as the SCI group, except that they did not suffer spinal 
cord impact. After the operation, the urinary bladder of 
the rats (excluding those in the sham group) underwent 
manually emptying twice a day to assist in urinating until 
the rats were able to urinate normally.

Experimental groups and drug treatments
Rats were randomly divided into the following five groups 
and drug administration was performed by an investigator 
who was blind to the drugs. NGR1 (MedChemExpress, 
Shanghai, China, Cat# HY-N0615) was freshly dissolved 
in the vehicle   [dimethylsulfoxide (DMSO) and 0.9% 
NaCl, 1:3] and given at a dose of 25 mg/kg. ML385 (Nrf2 
inhibitor) (MedChemExpress, Shanghai, China, Cat# 
HY-100523) was freshly dissolved in the vehicle (DMSO 
and 0.9% NaCl, 1:3) and given at a dose of 30 mg/kg. The 
administration dose of NGR1 and ML385 was selected 
according to that previously described [11,25].

(1).  Sham  +  vehicle group: rats were treated with the 
same amount of vehicle (DMSO and 0.9% NaCl, 1:3) 
by intraperitoneal injection (i.p.) every day for a total 
of 21 days (n = 30).

(2).  Sham + NGR1 group: rats were treated with NGR1 
(25 mg/kg/day, i.p.) for a total of 21 days (n = 30).

(3).  SCI + vehicle group: the rats were administrated with 
the same amount of vehicle (DMSO and 0.9% NaCl, 
1:3, i.p.) every day for a total of 21 days 2 h after SCI 
(n = 30).

(4).  SCI + NGR1 group: the rats were administrated with 
NGR1 (25 mg/kg/day, i.p.) for a total of 21 days 2 h 
after SCI (n = 30).

(5).  SCI + NGR1 + ML385 group: after contusion, the 
rats were immediately injected with NGR1 (25 mg/
kg/day, i.p.) and ML385 (30 mg/kg/day, i.p.) for a total 
of 21 days 2 h after SCI (n = 30).

Locomotion recovery assessment
The recovery of behavioral function was assessed using 
the Basso-Beattie-Bresnahan (BBB) Locomotor Scale at 
1, 3, 7, 14, and 21 days following surgery procedures as 
previously described [26]. Briefly, rats were placed indi-
vidually in an open field and observed for 4 min by two 
observers who were blind to the experiment. The scores 
of rats from each group (n = 6) were recorded, and the 
data used for analysis were represented as mean scores. 
BBB scores were graded on a scale of 0–21 (0: complete 
paralysis and 21: normal locomotion).

Tissue preparation
Rats were anesthetized with intraperitoneal injections 
of 10% chloral hydrate (300 mg/kg, b.w.) on day 21 after 
SCI. An incision was made at the midline of the ster-
num to expose the heart, and 0.9% precooled saline was 
slowly perfused transcranially. About 1 cm of spinal cord 
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tissue samples surrounding the damaged region was 
obtained on ice. For biochemical analysis, the samples 
were immediately transferred to liquid nitrogen and 
stored at a refrigerated temperature of about −80 °C. For 
histopathological analysis, the samples were fixed in 4% 
paraformaldehyde at 4 °C overnight and then dehydrated 
in a 30% sucrose solution and a 20% sucrose solution in 
turn. The thickness of 10-µm spinal cord sections was cut 
using a cryostat at −20 °C for further analysis.

Hematoxylin-eosin staining and Nissl staining
The spinal cord tissue sections were used for hematox-
ylin-eosin (HE) staining using HE solution according to 
the manufacturer’s instructions 21 days after SCI. Briefly, 
after being stained with hematoxylin for 30 s, 10-µm tis-
sue sections were quickly washed in deionized water. 
Then, these sections were further differentiated in the 
0.5% HCl solution (dissolved in 95% alcohol) for 6 s. After 
being washed in deionized water for 1  h, the sections 
were continuously stained with eosin and, subsequently, 
were fixed with neutral gum after dehydration using a 
series of ethanol. Then, these slides were observed under 
a microscope and the Image J software was used for ana-
lyzing the proportion of preserved tissue as previously 
described [27].

Nissl staining was conducted according to the man-
ufacturer’s instructions 21  days after SCI. Briefly, the 
spinal cord sections were dried at room temperature 
for 2  h and then incubated in the ethanol/chloroform 
mixed solution overnight. The next day, the sections 
were soaked in 100% ethanol, 75% ethanol, and dis-
tilled water for 1 min, and then incubated in 37% 0.1% 
cresol purple solution for 5 min. Then, the sections were 
immersed in anhydrous ethanol and xylene for another 
5 min. After being sealed with neutral gum, these slides 
then were observed under a microscope and the Image 
J software was used for analyzing the average number of 
survival neurons of three different visual fields on each 
slide. Five sections per animal were processed for Nissl 
staining.

Western blot analysis
The spinal cord tissues obtained 21  days after SCI 
were homogenized and lysed in radio immunoprecip-
itation assay (RIPA) buffer (Beyotime Biotechnology, 
China) containing phenylmethanesulfonyl fluoride, pro-
tease, and phosphatase inhibitor cocktails (Beyotime 
Biotechnology, China) for 30  min on ice. The superna-
tants of tissue lysates were collected after being cen-
trifuged at 12 000 rpm for 30 min at 4 °C, and then, the 
protein concentration was quantified using the BCA 
Protein Assay Kit (Thermo,   Massachusetts, USA). A 
total of 40-μg protein was separated using SDS-PAGE 
and transferred onto polyvin ylidene difluoride (PVDF) 
membranes. The membranes were blocked with 5% 
skimmed milk in triethanolamine buffered saline-Tween 
(TBST) for 1.5  h at room temperature. After washing, 

these PVDF membranes were incubated at 4 °C over-
night with the following primary antibodies: anti-Nrf2 
(1:1000, Abcam,   Massachusetts, USA, Cat# ab137550), 
anti-Heme Oxygenase-1 (1:2000, Abcam, Massachusetts, 
USA, Cat# ab189491), anti-NAD(P)H quinone oxidore-
ductase 1 (anti-NQO1) (1:1000, Abcam, Massachusetts, 
USA, Cat# ab80588), anti-Cleaved Caspase-3 (1:1000, 
Proteintech, Wuhan, China, Cat#19677-1-AP), anti-
Caspase-9 (1:500, Proteintech, Wuhan, China, Cat# 
10380-1-AP), anti-Bcl-2 (1:1000, Abcam, Cambridge, 
Massachusetts, USA, Cat# ab32124), anti-Bax (1:1000, 
Abcam, USA, Cat# ab250635), anti-IL-6 (1:500, Abclonal, 
Wuhan, China, Cat# A0286), anti-IL-1β (1:1000, Abclonal, 
Wuhan, China, Cat# A1112), anti-TNFα (1:1500, 
Abclonal, Wuhan, China, Cat# A11534) and anti-β-actin 
(1:400, Boster, Wuhan, China, Cat# BM3873). The next 
day, the membranes were washed with TBST for three 
times and then incubated with the following secondary 
antibodies (goat anti-rabbit, 1:10000, Abcam, Cambridge, 
Massachusetts, USA, Cat# ab6721; goat anti-mouse, 
1:10000, Abcam, Cambridge, Massachusetts, USA, Cat# 
ab6789) at room temperature for 1.5 h. The immunoreac-
tive bands were visualized using an imaging system (Bio-
Rad, California, USA) and the Image J software was used 
for measuring band intensity.

Real-time-PCR analysis
The total RNA from the spinal cord tissues obtained was 
extracted using Trizol reagent (Invitrogen, California, 
USA) 21 days after SCI according to the manufacturer’s 
instructions. Briefly, cDNA was generated from total 
RNA (1  μg) using the TaKaRa RNA PCR kit (AMV) 
Ver. 3.0 (Takara, Japan). The mRNA expressions of IL-6, 
IL-1β, TNF-α, and β-actin were examined using cDNA 
as a template by the following primers: IL-6 (forward 
primer 5′- ATACCACCCACAACAGACCAGT-3′ and 
reverse primer 5′-GATGAGTTGGATGGTCTTGGT 
-3′); IL-1β (forward primer 5′- CTCTGTGACTC 
GTCGTGG GATGATG -3′ and reverse primer 
5′- CACTTGTTGGCTTATGTTCTGTCC -3′);  
TNF-α (forward primer 5′- CCCAGACCCTCA 
CACTCAGATCAT -3′ and reverse primer 5′- 
CAGCCTTGTCCCTTGA AGAGAA -3′; β-actin (for-
ward primer 5′-ATATCGCTGCGCTCGTCG-3′ and 
reverse primer 5′-CAATGCCGTGTTCAATGGGG-3′). 
The amplification was done for 27 cycles at 92 °C for 30 s, 
50 °C for 30 s and 70 °C for 1 min. Final extension was 
performed at 70 °C for 10 min. The expression of relative 
mRNA was calculated using the 2−ΔΔCt method.

Immunofluorescence analysis
The sections from the spinal cord tissues acquired 21 days 
after SCI were used for immunofluorescence staining as 
previously described with minor modifications. Briefly, the 
10-µm sections were dried for 1 h at room temperature and 
incubated with blocking solution (5% goat serum in phos-
phate buffered solution-tween 20) for 2 h at room temper-
ature. Then, the sections were incubated at 4 °C overnight 
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with the following primary antibodies: anti-NeuN anti-
body (1:300, Abcam, USA) and anti-Nrf2 (1:100, Abcam, 
USA). The next day, after being washed three times with 
phosphate buffered solution, the sections were incubated 
with the following secondary antibodies (488 goat anti-
rat IgG, 1:500, Invitrogen, California, USA, and 594 goat 
anti-mouse, 1:500, Invitrogen, California, USA) for 2 h at 
room temperature. The sections were then incubated with 
DAPI for 15 min and sealed with a coverslip. The images 
were visualized using a fluorescent microscopy (Olympus, 
Tokyo, Japan). The Image J software was used for analyz-
ing the overlap coefficient of HO-1 with neurons.

TUNEL staining analysis
The sections were used for TUNEL staining 21  days 
after SCI using an In Situ Cell Death Detection kit 
(Roche, Germany, Cat# 11684795910) according to the 
manufacturer’s instructions. Briefly, rewarmed sections 
were fixed in 4% paraformaldehyde and incubated with 
2% H

2
O

2
. After being washed three times, the sections 

were incubated with reaction mixture solution for 2 h at 
37 °C and then blocked with 2% BSA for 1  h. Finally, 
the sections were counterstained with hematoxylin. 
The images were visualized using a fluorescent micros-
copy (Olympus, Tokyo, Japan) and the Image J software 
was used for counting TUNEL-positive cells. Data 
were presented as a mean percentage of the number of 
TUNEL-positive cells in the whole fields of view from 
six randomly selected fields in each per experiment.

Measurement of antioxidants and oxidative products
The spinal cord tissues obtained 21 days after SCI were 
lysed with RIPA buff, and the levels of spinal malonal-
dehyde (MDA), superoxide dismutase (SOD), and glu-
tathione peroxidase activity (GSH-PX) were measured by 
the MDA assay Kit (NanJing JianCheng Bioengineering 
Institute, Nanjing, China, Cat# A003-4-1), the SOD assay 
Kit (NanJing JianCheng Bioengineering Institute, Nanjing, 
China, Cat# A001-3-2), and the GSH-PX assay Kit (NanJing 
JianCheng Bioengineering Institute, Nanjing, China, Cat# 
A005-1-2) according to the manufacturer’s instructions.

Statistical analysis
Data were presented as mean  ±  SEM and processed by 
SPSS 22.0. statistical software. Comparisons among multi-
ple groups were performed by one-way analysis of variance 
(ANOVA), followed by Turkey’s post hoc tests. The signif-
icance of the BBB scores was analyzed by two-way repeat-
ed-measures ANOVA), followed by Bonferroni post hoc 
test. P-values <0.05 were considered statistically significant.

Results
Notoginsenoside R1 improves the neurological 
function after spinal cord injury
To evaluate the roles of NGR1 in improving SCI, we 
first examined the BBB scores at 1, 3, 7, 14, and 21 days 
after SCI. Normal scores (21 points) were observed in 

the Sham + vehicle group and Sham + NGR1 group. The 
BBB scores in the SCI + vehicle group were declined and 
the same as those in the SCI + NGR1 group at 1 day after 
SCI. What is more, the BBB scores in the SCI + NGR1 
group were higher than those in the SCI + vehicle group 
but no significant difference was found between the two 
groups at 3 and 7 days after SCI. However, the BBB scores 
were markedly elevated in rats administrated with NGR1 
than those in the SCI + vehicle group at 14 days following 
SCI. Furthermore, a more remarkable difference between 
the SCI  +  vehicle group and SCI  +  NGR1 group was 
found at 21 days following SCI. This result indicated that 
NGR1 treatment may have a potential therapeutic effect 
on neurological function following SCI (Fig. 1).

Notoginsenoside R1 alleviates tissues damage and 
motor neurons loss after spinal cord injury
To further explore the neuroprotective effects of NGR1 
treatment on SCI, we perform the HE staining to exam-
ine the histopathological changes of rats and Nissl stain-
ing to observe the loss of motor neurons 21 days following 
SCI. HE staining showed that the Sham + vehicle group 
and the Sham + NGR1 group presented normal structure 
of spinal cord tissues. However, the structural damage 
was obvious in the SCI + vehicle group characterized by 
a larger cavity. NGR1 treatment exhibited a smaller cav-
ity and a larger ratio of intact neuron tissues than that in 
the SCI + vehicle group (Fig. 2a and b). Nissl staining 
demonstrated that the spinal anterior horn of rats suffered 

Fig. 1

NGR1 administration improves neurological function after SCI. 
BBB scores of the Sham + vehicle, Sham + NGR1, SCI + vehicle, 
and SCI+NGR1 groups were examined at 1, 3, 7, 14, and 21 days 
after SCI. N = 6. Data are represented as mean ± SEM. Repeated-
measures analysis of variance (ANOVA) followed by Bonferroni’s 
multiple comparisons posttest was used. *P < 0.05 vs. the 
Sham + vehicle group; #P < 0.01, ###P < 0.001 vs. the SCI + vehicle 
group. BBB, Basso-Beattie-Bresnahan; NGR1, notoginsenoside R1; 
SCI, spinal cord injury.
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a great loss of motor neurons following SCI and the 
SCI + NGR1 group presented a similar result. However, 
motor neurons in the SCI + NGR1 group were markedly 
preserved and the number of survival motor neurons 
were significantly higher than those in the SCI + vehicle 
group. These results showed that NGR1 treatment may 
play a crucial role in decreasing the damage of spinal cord 
tissues and motor neuron loss in SCI rats.

Notoginsenoside R1 activates Nrf2/HO-1 signaling 
pathway after spinal cord injury
In order to evaluate the potential mechanism of NGR1 
exerting neuroprotective effects after SCI, we performed 
western blot and immunofluorescence to analyze the 
expression of Nrf2, HO-1, and NQO1 protein in spi-
nal cord tissues 21  days after SCI. The SCI  +  vehicle 
group exhibited slightly higher protein levels of Nrf2 
and HO-1 than those in the Sham  +  vehicle group, 

Fig. 2

NGR1 administration attenuates tissue damage and motor neurons loss after SCI. (a) The representative image of HE staining in the Sham + vehi-
cle, Sham + NGR1, SCI + vehicle, and SCI+NGR1 groups at 21 days after SCI. Bars = 500 μm (200×). (b) Quantitative analysis of the propor-
tion of preserved tissue in each group. N = 6. Data are represented as mean ± SEM. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the 
SCI+NGR1 group. (c) The representative image of Nissl staining in the Sham + vehicle, Sham + NGR1, SCI + vehicle, and SCI + NGR1 groups 
at 14 days after SCI. Bars = 500 μm (200×). (d) Quantitative analysis of the number of surviving neurons in each group. N = 6. Data are repre-
sented as mean ± SEM. One-way analysis of ANOVA with Turkey’s post hoc tests was used. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 
vs. the SCI+NGR1 group. ANOVA, analysis of variance; HE, hematoxylin-eosin; NGR1, notoginsenoside R1; SCI, spinal cord injury.
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whereas an obvious decline in NQO1 protein level was 
found in the SCI  +  vehicle group. What is more, com-
pared with SCI  +  vehicle group, NGR1 administration 
markedly elevated the expression of Nrf2 and HO-1 
protein and these increases could be partly inhibited 
in the SCI  +  NGR1  +  ML385 (Nrf specific inhibitor) 
group. However, no significant difference in NQO1 pro-
tein level was detected in the SCI + vehicle group, the 
SCI + NGR1 group, and the SCI + NGR1 + ML385 group 
(Fig. 3a–d). Immunofluorescence staining demonstrated 
that rats underwent SCI presented slightly higher HO-1 
protein level, and NGR1 treatment further increased 
the HO-1 protein level, whereas this activation effect 
was inhibited when combined application of NGR1 and 
ML385 (Fig. 3e–f). These results indicated that NGR1 
administration may participate in the activation of Nrf2/
HO-1 signaling pathway following SCI.

Notoginsenoside R1 inhibits oxidative stress through 
Nrf2/HO-1 signaling pathway after spinal cord injury
To examine the role of NGR1 treatment in oxidative 
stress after SCI, we detected the activities of MDA, SOD, 
and GSH-PX in spinal cord tissues 21 days after SCI. A 
significant increase of MDA level and a marked reduc-
tion of SOD and GSH-PX activities were observed in the 
SCI + vehicle group than those in Sham + vehicle group. 
Compared with the SCI + vehicle group, NGR1 admin-
istration curtailed the expression of MDA level and 
enhanced the activities of SOD and GSH-PX. Compared 
with the SCI + NGR1 group, the combined application of 
NGR1 and ML385 after SCI partly reinforced the MDA 
level and inhibited the SOD and GSH-PX activities 
(Fig. 4a–c). These results indicate that NGR1 adminis-
tration may inhibit oxidative stress by activating the 
Nrf2/HO-1 signaling pathway to improve neurological 
function after SCI.

Notoginsenoside R1 attenuates neuronal apoptosis 
through Nrf2/HO-1 signaling pathway after spinal cord 
injury
To evaluate the effect of NGR1 treatment on neuronal 
apoptosis after SCI, we first performed Western Blot 
to detect the expression levels of antiapoptotic protein 
Bcl-2 and proapoptotic protein Caspase-9, Caspase-3, and 
Bax 21 days after SCI. Compared with the Sham + vehi-
cle group, the expression of Bcl-2 protein decreased 
accompanied by the enhancement of Cleaved caspase-9, 
Cleaved caspase-3, and Bax protein levels. However, 
NGR1 administration markedly reinforced the expres-
sion of Bcl-2 protein and curtailed the expression of 
Cleaved caspase-9, Cleaved caspase-3, and Bax protein 
levels than those in the Sham + vehicle group. What is 
more, compared with the SCI + NGR1 group, the com-
bined application of NGR1 and ML385 partly inhibited 
the enhancement of Bcl-2 protein level and the reduction 
of Cleaved caspase-9, Cleaved caspase-3, and Bax protein 

levels (Fig. 5a–e). In addition, TUNEL staining was also 
conducted to analyze the apoptotic neurons. The per-
centage of TUNEL-positive cells in the SCI + vehicle 
group was markedly higher than that in the Sham + vehi-
cle group. While compared with the SCI  +  vehicle 
group, NGR1 treatment significantly downregulated the 
expression of TUNEL-positive cells. NGR1 combined 
with ML385 treatment after SCI could partly enhance 
the percentage of TUNEL-positive cells than that in the 
SCI + NGR1 group (Fig. 5f and g). These results indi-
cated that NGR1 administration may exert an antiapop-
totic effect by activating Nrf2/HO-1 signaling pathway 
after SCI.

Notoginsenoside R1 inhibits neuronal Inflammation 
through Nrf2/HO-1 signaling pathway after spinal cord 
injury
To verify the role of NGR1 treatment in neuronal 
Inflammation after SCI, we detected the mRNA and pro-
tein expression of downstream inflammatory cytokines 
21 days after SCI. The mRNA and protein levels of IL-6, 
IL-1β, and TNF-α were appreciably raised in SCI rats 
than those in the Sham + vehicle group, whereas these 
increases were hindered by the application of NGR1 
after SCI. In addition, these reductions of downstream 
inflammatory cytokines in the SCI + NGR1 group could 
be partly blocked when combining NGR1 with ML385 
treatment in the rats subjected to SCI (Fig. 6a–g). These 
results indicated that NGR1 administration may down-
regulate the activities of inflammatory cytokines through 
activating Nrf2/HO-1 signaling pathway to exert neuro-
protective effects after SCI.

Discussion
In this study, we explored the neuroprotective effect of 
NGR1 in SCI rats and its potential mechanism. We found 
that NGR1 administration reduced oxidative stress, neu-
ronal apoptosis, and neuronal inflammation via activating 
the Nrf2/HO-1 signaling pathway in rats subjected to 
SCI, thereby improving neural functional recovery and 
inhibiting tissues damage and motor neurons loss.

SCI is a serious and unpredictable complication that causes 
limb dysfunction and permanent disability worldwide 
[28]. During the occurrence and development of SCI dis-
ease, secondary injury is the main stage leading to spinal 
cord dysfunction, and is a complex process regulated by a 
series of pathological mechanisms (such as edema, neu-
ronal inflammation, and oxidative stress) [29]. However, 
the specific molecular mechanism of the secondary injury 
has not been thoroughly investigated. Therefore, in this 
study, we further explored the pathology mechanisms of 
the secondary injury stage and effective therapeutic strat-
egies to block the secondary injury after SCI.

As an important phytoestrogen, the role of NGR1 in a vari-
ety of disease models has been extensively investigated. 
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Fig. 3

NGR1 administration activates Nrf2/HO-1 signaling pathway after SCI. (a) The representative image of Western Blot analysis for Nrf2, HO-1, 
and NQO1 in the Sham + vehicle, SCI + vehicle, SCI + NGR1, and SCI+NGR1+ML385 groups at 21 days after SCI. (b–d) Quantitative 
analysis of Nrf2/actin, HO-1/actin, and NQO1/actin in each group. N = 3. Data are represented as mean ± SEM. One-way analysis of ANOVA 
with Turkey’s post hoc tests was used. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + vehicle group; &P < 0.05 vs. the 
SCI + NGR1 group. (e) The representative image of immunofluorescence analysis for HO-1 in the Sham + vehicle, SCI + vehicle, SCI + NGR1, 
and SCI + NGR1 + ML385 groups at 3 days after SCI. Bars = 100 μm (400×). (f) Quantitative analysis of the overlap coefficient in each group. 
N = 3. Data are represented as mean ± SEM. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + NGR1 group. ANOVA, analysis 
of variance; HO-1, heme oxygenase-1; NGR1, notoginsenoside R1; Nrf2, nuclear factor erythroid 2 related factor 2; NQO1, anti-NAD(P)H qui-
none oxidoreductase 1; SCI, spinal cord injury.
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For example, NGR1 administration protects against dif-
ferent organs ischemia/reperfusion injury such as heart, 
kidney, intestinal, and brain through attenuating oxida-
tive stress, cell apoptosis, inflammatory response, and 
improving the ability of energy metabolism [30]. What is 
more, the treatment of NGR1 improves diabetic retin-
opathy-induced retinal dysfunction and elevates the 
level of mitophagy via PINK1/Parkin signaling pathway 
[31]. In addition, the cardioprotective effects of NGR1 
pretreatment were also observed in rats with diabetic 
cardiomyopathy [32]. Previous study also demonstrates 
that the administration of NGR1 attenuates lipopolysac-
charide-induced inflammatory response by stimulating 
the expression of miR-132 in PC-12 cell [14]. In recent 
years, the diversity effect of NGR1 in adult animals has 
aroused increasing research interest. We, therefore, per-
formed this experiment to explore the neuroprotective 
roles and the potential molecular mechanisms of NGR1 
administration in the in-vivo SCI model.

Nrf2, a sensor regulating the balance between the anti-
oxidant system and the oxidant system, can be activated 
under various stressful conditions. As a downstream gene 
of Nrf2, HO-1 can also maintain the cellular function by 
binding to Nrf2. Previous studies have found that Nrf2/
HO-1 axis is involved in cytoprotective effects in a variety 
of diseases, including cardiovascular diseases, neurode-
generative diseases, and SCI [33–35]. However, another 
study demonstrates that Nrf2 pathway also plays a vital 
role in the occurrence and progression of a variety of 

diseases [36]. These discrepant results indicate that Nrf2 
pathway may have a dual effect in pathology conditions. 
Previous study proves that an elevated Nrf2 protein level 
is found 30 min after SCI and persists for 3 days, accom-
panied by the enhancement of the HO-1 protein level 
ranged from 1 to 3 days post-SCI, whereas no significant 
changes in NQO1 were observed 3 days after SCI [37]. 
In our current study, the expression of Nrf2 and HO-1 
protein increased, whereas the expression of NQO1 pro-
tein decreased significantly. This inconsistent result may 
be due to the differences in rats’ sex, tissue extraction 
sites, and observation time. What is more, NGR1 treat-
ment could promote the expression of Nrf2 and HO-1 
but not NQO1 protein levels, whereas the Nrf2 inhibitor 
ML385 partly blocked the increase of Nrf2 and HO-1 
protein levels, which was consistent with previous study 
demonstrating that Nrf2 and HO-1 can be activated in 
mice with diabetic nephropathy treated with NGR1 [32]. 
Thus, these findings showed that the neuroprotective 
effect of NGR1 may be associated with the Nrf2/HO-1 
signaling pathway.

The initiation of oxidative stress and neuronal apop-
tosis is the major pathology feature during the progres-
sion of secondary injury following SCI [38]. SCI results 
in the imbalance between the oxidant and antioxidant 
systems, which is represented by the reduction of anti-
oxidant enzymes and the accumulation of oxidant mol-
ecules [39]. In addition, oxidative injury further causes 
excessive activation of proapoptotic factors and inhibition 

Fig. 4

Involvement of the Nrf2/HO-1 signaling pathway in the NGR1-induced inhibition of oxidative stress after SCI. (a–c) Quantitative analysis of MDA, 
SOD, GSH-PX in the Sham + vehicle, SCI + vehicle, SCI + NGR1, and SCI + NGR1 + ML385 groups at 14 days after SCI. N = 5. Data are 
represented as mean ± SEM. One-way analysis of ANOVA with Turkey’s post hoc tests was used. *P < 0.05 vs. the Sham + vehicle group; 
#P < 0.05 vs. the SCI + vehicle group; &P < 0.05 vs. the SCI + NGR1 group. ANOVA, analysis of variance; GSH-PX, glutathione peroxidase 
activity; HO-1, heme oxygenase-1; MDA, malonaldehyde; NGR1, notoginsenoside R1; Nrf2, nuclear factor erythroid 2 related factor 2; SCI, spinal 
cord injury; SOD, superoxide dismutase.
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Fig. 5

Involvement of the Nrf2/HO-1 signaling pathway in the NGR1-induced inhibition of apoptosis after SCI. (a) The representative image of Western 
Blot analysis for Bcl-2, c-Caspase-9, c-Caspase-3, and Bax in the Sham + vehicle, SCI + vehicle, SCI + NGR1, and SCI + NGR1 + ML385 
groups at 14 days after SCI. (b–e) Quantitative analysis of Bcl-2/actin, Cleaved caspase-9/actin, Cleaved caspase-3/actin and Bax/actin in 
each group. N = 3. Data are represented as mean ± SEM. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + vehicle group; 
&P < 0.05 vs. the SCI + NGR1 group. (f) The representative image of Tunel staining in the Sham + vehicle, SCI + vehicle, SCI + NGR1, and 
SCI + NGR1 + ML385 groups at 14 days after SCI. Bars = 200 μm (200×). (g) Quantitative analysis of the percentage of TUNEL-positive neu-
rons in each group. N = 3. Data are represented as mean ± SEM. One-way analysis of ANOVA with Turkey’s post hoc tests was used. *P < 0.05 
vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + NGR1 group; &P < 0.05 vs. the SCI + NGR1 group. ANOVA, analysis of variance; HO-1, 
heme oxygenase-1; NGR1, notoginsenoside R1; Nrf2, nuclear factor erythroid 2 related factor 2; SCI, spinal cord injury.
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of antiapoptotic proteins [40]. Our current result found a 
dramatic reinforcement of oxidant molecular MDA and a 
marked decline in the activities of antioxidant enzymes 
SOD and GSH-PX, which could be reserved by NGR1 
administration after SCI. Interestingly, ML385 could 
partly inhibit the antioxidant effects of NGR1, which was 
consistent with the cardioprotective role of NGR1 treat-
ment in myocardial ischemia/reperfusion [41]. In addition, 
previous study exhibits that NGR1 improved cardiac dys-
function via inhibiting the initiation of myocardia apopto-
sis [11]. Similarly, our Western Blot and TUNEL staining 
results found that SCI-induced reduction of Bcl-2 and 
enhancement of Cleaved caspase-9, Cleaved caspase-3, 
and Bax, and the percentage of TUNEL-positive neurons 
could also be improved by the administration of NGR1, 
whereas the suppression of Nrf2/HO-1 axis partly attenu-
ated these antiapoptotic effects. What is more, HE staining 
and Nissl staining results showed that NGR1 treatment 
attenuated tissue damage and motor neuron loss in rats 
subjected to SCI. Taken together, these results suggested 
that the neuroprotective role of NGR1 administration 
through activating the Nrf2/HO-1 signaling pathway may 
be linked to the recovery of neuronal function after SCI.

Neuronal inflammation, triggered by SCI, is the main 
process of physiologic response leading to the activa-
tion of microglia, which further releases a great num-
ber of proinflammatory factors including TNF-α, IL-1 
β, and IL-6 families (Carelli et al., 2015; Carelli et al., 
2017). What is more, the over accumulation of spi-
nal cord inflammatory cells due to the inflammatory 
cascade exacerbates the defects of neuronal function 
after SCI (Orr and Gensel, 2018). In addition, previous 
study shows that the upregulation of anti-inflammatory 
cytokine TSG-6 has been shown to exert its protective 
effects by promoting the axon regeneration and the for-
mation of glial scar in the SCI model (Coulson-Thomas 
et al., 2016), which indicates the crucial role of anti-in-
flammation in the recovery of neuronal function. In our 
current study, we found an increase of proinflammatory 
cytokines TNF-α, IL-1 β, and IL-6, which indicated the 
progression of SCI. The treatment with NGR1 inhibited 
the upregulation of these proinflammatory cytokines, 
whereas the downregulation of Nrf2/HO-1 signaling 
pathway partly prevented the anti-inflammatory effects 
of NGR1, which was in line with previous finding evi-
dences.  This demonstrates that NGR1 administration 

Fig. 6

Involvement of the Nrf2/HO-1 signaling pathway in the NGR1-induced attenuation of neuronal inflammation after SCI. (a) The representative 
image of Western Blot analysis for IL-6, IL-1β, and TNF-α in the Sham + vehicle, SCI + vehicle, SCI + NGR1, and SCI + NGR1 + ML385 
groups at 21 days after SCI. (b–d) Quantitative analysis of IL-6/actin, IL-1β/actin, and TNF-α/actin in each group. N = 3. Data are represented 
as mean ± SEM. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + vehicle group; &P < 0.05 vs. the SCI + NGR1 group. (e–g) 
Quantitative analysis of the mRNA expression of IL-6, IL-1β, and TNF-α in each group. N = 3. Data are represented as mean ± SEM. One-way 
analysis of ANOVA with Turkey’s post hoc tests was used. *P < 0.05 vs. the Sham + vehicle group; #P < 0.05 vs. the SCI + NGR1 group; 
&P < 0.05 vs. the SCI + NGR1 group. ANOVA, analysis of variance; HO-1, heme oxygenase-1; NGR1, notoginsenoside R1; Nrf2, nuclear factor 
erythroid 2 related factor 2; SCI, spinal cord injury.
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exhibited potent anti-inflammatory effect via PI3K/Akt 
axis in mice with cardiac dysfunction [11]. These findings 
showed that the activation of Nrf2/HO-1 signaling path-
way is required for the attenuation of neuronal inflamma-
tion through NGR1 treatment.

Conclusion
In summary, our observations demonstrate that NGR1 
administration may protect against SCI by inhibiting oxi-
dative stress, neuronal apoptosis, and neuronal inflamma-
tion via activating the Nrf2/HO-1 signaling pathway. Our 
research provides a novel theoretical basis for NGR1 to 
improve the functional recovery of SCI rats.
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