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Background: Spinal cord injury (SCI) is a common disorder of the central
nervous system with considerable socio-economic burden. Andrographolide
(Andro), the main active component of Andrographis paniculata, has exhibited
neuroprotective effects in different models of neurological diseases. The aim of
this study was to evaluate the neuroprotective effects of Andro against SCl and
explore the related mechanisms.

Methods: SCI was induced in rats by the Allen method, and the modeled
animals were randomly divided into sham-operated, SCI, SCI + normal saline
(NS) and SCI + Andro groups. The rats were injected intraperitoneally with Andro
(1 mg/kg) or the same volume of NS starting day one after the establishment of
the SCI model for 28 consecutive days. Post-SCI tissue repair and functional
recovery were evaluated by measuring the spinal cord water content, footprint
tests, Basso-Beattie-Bresnahan (BBB) scores, hematoxylin-eosin (HE) staining
and Nissl staining. Apoptosis, oxidative stress and inflammation, as well as
axonal regeneration and remyelination were analyzed using suitable markers.
The in vitro model of SCl was established by treating cortical neurons with H,O.
The effects of Andro on apoptosis, oxidative stress and inflammation were
evaluated as indicated.

Results: Andro treatment significantly improved tissue repair and functional
recovery after SCI by reducing apoptosis, oxidative stress and inflammation
through the nuclear factor E2-related factor 2/heme oxygenase-1 (Nrf-2/HO-1)
and nuclear factor-kappa B (NF-xB) signaling pathways. Furthermore, Andro
treatment promoted M2 polarization of the microglial cells and contributed to
axonal regeneration and remyelination to improve functional recovery after SCI.
In addition, Andro also attenuated apoptosis, oxidative stress and inflammation
in H,O,-stimulated cortical neurons in vitro.

Conclusion: Andro treatment alleviated SCI by reducing apoptosis, oxidative
stress and inflammation in the injured tissues and cortical neurons, and
promoted axonal regeneration and remyelination for functional recovery.
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Introduction

Spinal cord injury (SCI) refers to the complete or
incomplete spinal cord nerve dysfunction involving motor,
sensory, reflex and autonomic nerves that is caused by an
external mechanical force on the spinal cord (Lee et al., 2014).
About 180,000 cases of SCI are reported each year, which place
a heavy socioeconomic burden owing to the high disability
and mortality rates (Jazayeri et al., 2015; Yang et al., 2016).
The pathophysiological process of SCI can be divided into the
primary injury and the subsequent secondary injury (Ahuja
et al., 2017a; Ahuja et al., 2017b). Primary injury refers to the
irreversible mechanical damage to the spinal cord tissue,
which
thrombosis, vasospasm and tissue hypoxia, leading to

causes edema, microcirculation disturbance,

secondary injuries such as spinal cord ischemia,
hemorrhage and necrosis. Secondary injury is characterized
by oxidative stress, inflammation, excitotoxicity, apoptosis
and microcirculatory disturbances, which further damage
the spinal cord and even lead to paraplegia (Ahuja et al,
2017b; Orr and Gensel, 2018; Wang C et al., 2018). Therefore,
alleviating these secondary pathological changes can promote
nerve regeneration, and aid in functional recovery after SCI
(Amar and Levy, 1999; Kjell and Olson, 2016).
Andrographolide (Andro) is a diterpene lactone extracted
from Andrographis paniculata, which is used in various
traditional Chinese medicine formulations (Dai et al,, 2019;
Ren et al, 2021; Zeng et al, 2022). Pharmacological studies
have shown that Andro has anti-inflammatory, antibacterial,
antiviral, immunomodulatory and other biological activities.
In addition, Andro exerts neuroprotective effects in
Alzheimer’s disease (AD) (Zhang et al, 2021), Parkinson’s
disease (PD) (Geng et al, 2019; Ahmed et al, 2021) and
chronic cerebral hypoperfusion (CCH) (Wang et al., 2019) by
reducing apoptosis, oxidative stress and inflammation through
multiple signaling pathways. Patel et al. (2021) showed that
Andro inhibited the expression of AchE, AP, 4, and p-tau in
an ICV-STZ-induced model of cognitive impairment in rats,
which alleviated inflammation and oxidative stress in the affected
tissues (Patel et al, 2021). In the CCH rat model, Andro
suppressed neuronal apoptosis and neuroinflammation by
activating the hippocampal BDNEF-TrkB signaling pathway
(Wang et al,, 2019). Furthermore, Ahmed et al. (2021) found
that Andro rescued dopaminergic neuron loss in a mouse model
of PD by inhibiting the activation of NLR Family Pyrin Domain
Containing 3 (NLRP3) inflammasome in the microglia.
little  is regarding the possible

neuroprotective effects of Andro in SCI. To this end, the aim

However, known

of this study was to evaluate the effects of Andro on neuronal
apoptosis, oxidative stress and inflammation in a rat model of
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SCI, and explore the mechanisms underlying functional
recovery.

Materials and methods
Isolation and culture of cortical neurons

Cortical neurons were extracted from the embryos of
pregnant SD rats as described previously (Hou et al., 2021).
Briefly, after digesting the cortical tissues with 200 pg/ml papain
(Sigma, Beijing, China) for 25 min at 37°C, the homogenate was
passed through a 100-pm cell strainer (BD Falcon) and then
centrifuged at 800 rpm for 5 min. The supernatant was discarded,
and the pellets were resuspended in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, Life Technologies, United States)
supplemented with 10% fetal bovine serum (FBS; Gibco, Life
Technologies, United States), 100 U/mL penicillin and 100 mg/
ml streptomycin (Gibco, Life Technologies, United States). The
cells were seeded in poly-D-lysine-coated plates and incubated at
37°C for 4h under 5% CO, and saturated humidity. After
washing once, the cells were cultured in Neurobasal medium
(Gibco, Life Technologies, United States) containing
0.5 mM r-glutamine (Gibco, Life Technologies, United States)
and 2% B27 (B-27™ Supplement, Gibco). Half of the neurobasal
medium was replaced every 2 days. After 7-8 days, cortical
neurons were harvested for in vitro experiments. The cells
were characterized by phase contrast microscopy and by
immunostaining for neuron-specific proteins. The purity of
the cortical neurons in this primary culture was evaluated to
be >90%.

Viability assay

Cell viability was measured using the Cell Counting Kit-8
(CCK-8, KeyGEN, China) according to the manufacturer’s
protocols (Luo et al, 2022). Briefly, cortical neurons were
seeded into 96-well plates at the density of 5,000 cells per well
and incubated with H,O, (300 uM) and different concentrations
of Andro (0, 5, 10 and 20 pM) for 24 h. The CCK-8 solution was
added to each well, and the cells were incubated further for 2 h.
The absorbance of each well at 450 nm (OD,s5,) was measured
using a multifunctional microplate reader (Bio-Rad).

Biochemical analysis

Glutathione (GSH) and superoxide dismutase (SOD) activity
in the injured spinal cord tissues were measured using specific
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biochemical kits (Jiancheng Institute of Biology, China) at 7 days
post-SCI (Zhao et al., 2021). The levels of interleukin 1{ (IL-1p)
and tumor necrotic factor-a (TNF-a) in each sample were
measured using ELISA kits (Sigma Aldrich, United States)
according to the manufacturer’s instructions at 28 days post-
SCI (Zeng et al., 2019).

Reactive oxygen species generation

The cellular ROS levels were measured using the 2,7-
dichlorodihydrofluorescein diacetate (2,7-DCE-DA) staining
kit (Sigma Aldrich) according to the manufacturer’s protocols
(Lietal., 2019). The suitably treated cells were washed twice with
PBS, and incubated with 10 uM DCFH-DA fluorescent probe at
37°C for 30 min. The stained cells were observed under a
fluorescence microscope (Olympus IX73).

Establishment of SCl model and treatment

Forty-eight 8- and 12-weeks-old specific pathogen-free
(SPF) male Sprague-Dawley (SD) rats (200-250g) were
supplied by the Experimental Animal Center of Guangzhou
University of Chinese Medicine. The animals were housed in
cages under a 12-h light/dark cycle and fed adaptively for
approximately 1 week. All animal experiments met ethical
standards and underwent ethical review. The SCI model
was constructed according to the Allen method (Zhan
et al., 2020). The rats were anesthetized and their dorsum
was depilated, and a 2 cm midline incision was made at the
T10 level. Laminectomy was performed after separating the
muscle from the pedicle and stripping the T10 spinous
process. A longitudinal midline incision measuring
approximately 0.5cm was then made to expose the
T10 spinal cord, which was struck with a pneumatic
vertical device to simulate SCI. The impact speed was set to
1.2 m/s, the impact depth to 1 mm, and the rest time to 85 ms.
Finally, the wound was sutured and the body temperature of
rats was maintained at 37 + 0.5°C using an electric blanket.
Urination was facilitated twice a day thereafter by squeezing
the bladder. The sham-operated group (controls) only
underwent the incision without SCI impact.

Andro (>98% purity) was purchased from Sigma-Aldrich
Chemical Corporation (St Louis, MO, United States) and
dissolved in 1% dimethyl sulfoxide. The animals were
randomly divided into the sham-operated, SCI, SCI + normal
saline and SCI + Andro groups (n = 12 each). The rats in the SCI
+ Andro group were intraperitoneally injected with 1 mg/2 ml/kg
Andro once daily starting day 1 after SCI induction for 28 days.
In the SCI + NS group, the animals received equal volume of
normal saline. The other groups did not receive any drugs or
saline.
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Water content of the spinal cord

Spinal cord edema was evaluated by the wet/dry method
28 days post-SCI (Luo et al., 2022). Briefly, 1 cm-long pieces were
cut from the injured site and weighed. The tissues were then dried
in an oven at 60°C for 48 h, and the dehydrated specimens were
weighed. The water content of the spinal cord was calculated as
(wet weight-dry weight)/wet weight.

Behavioral assessment

To analyze the gait of the modeled rats, the animals were
encouraged to walk straight through a narrow, white-paper-
covered path after immersing their hind feet in ink, and the
footprints were recorded (Hou et al., 2021). The footprint test
was performed on day 28 post-SCI. Hindlimb motor function
was analyzed on days 1, 7, 14, 21 and 28 post-SCI by the Basso,
Beattie and Bresnahan (BBB) locomotor test as previously
described (Basso et al,, 1995). The test was scored across a
scale of 0-21, with 0 indicating no significant movement of
the hind limbs and 21 indicating normal movement. The
footprint and BBB tests were conducted by investigators
blinded to the experimental grouping.

Histological assessment

The animals were euthanized 28 days post-SCI, and their spinal
cord tissues were removed under anesthesia by transcardial
perfusion with 0.9% saline and 4% paraformaldehyde (PFA).
After fixing with 4% PFA, the tissues were dehydrated through
an ethanol gradient (70%, 80%, 95%-100%) and embedded in
paraffin. The wax block was sliced into 5 pum-thick sections that
were baked overnight in an oven at 37°C. Hematoxylin-eosin (HE)
staining was performed as per standard protocols, and the
inflammation around the lesions was scored. To determine the
neuron survival, slides from three animals per group were used for
Nissl staining, and the number of positively stained cells was counted

in a blinded manner.

Western blotting

Total protein was extracted from the tissues by sonicating with
the radio immunoprecipitation assay (RIPA) lysis buffer (Gibco,
Grand Island, NY, United States), and centrifuging twice at 12,000 g
for 10 min at 4°C. The supernatant was extracted and the protein
was measured using a bicinchoninic acid (BCA) kit (Bio-Rad
Laboratories, CA, United States). Twenty micrograms protein per
sample was diluted in the loading buffer and denatured at 99°C for
10 min. The protein samples were separated by 10% SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes. After
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TABLE 1 Primer sequences for qRT-PCR.

Gene Primer sequence

IL-1B F:5'-GGCTGCTCTGGGATTCTCTT-3'
R:5'-ATTTCACTGGCGAGCTCAGG-3'

TNF-a F:5'-TGGGATCATTGCCCTGTGAG-3'
R:5'-GGTGTCTGAAGGAGGGGGTA-3'

GAPDH F:5'-ACCCAGAAGACTGTGGATGG-3/

R:5-GAGGCAGGGATGATGTTCTG-3'

F, forward; R, reverse.

blocking with 5% skimmed milk, the blots were incubated overnight
with primary antibodies targeting Bcl-2, Bax, cleaved caspase-3,
nuclear factor E2-related factor 2 (Nrf-2), heme oxygenase-1 (HO-
1), p-IkBa, IkBa, p-NF-kB, nuclear factor-kappa B (NF-«B), glial
fibrillary acidic protein (GFAP), growth-associated protein 43
(GAP43), myelin basic protein (MBP),Interleukin-1p(IL-1p),
tumor necrosis factor-a (TNF-a) and GAPDH at 4°C. All
primary antibodies were from Abcam and used at 1:
1000 dilution. The membranes were washed in Tris buffer
solution (TBST) and incubated with secondary antibody (1:1000)
for 90 min at room temperature (RT). The positive bands were
visualized using a ChemiDoc™ MP Imaging System (Bio-Rad), and
the relative intensities of each band were determined using Image]J
(National Institutes of Health, Bethesda,MD). GAPDH was used as
the internal reference.

Quantitative real-time polymerase chain
reaction

Total RNA was extracted from rat cortical neurons using an
RNAiso Plus Kit, transcribed using the
PrimeScriptRT kit (Takara Biotechnology, Dalian,China). The
SYBR” Green Premix Pro Taq HS qPCR kit Il (Accurate
Biotechnology, Guangzhou, China) was used for qPCR

and reverse

analyses. The reaction mixture consisting of 2uL cDNA
template, 10 uL 2xSYBR” Green Pro Taq HS Premix Il, 0.8 uL
each forward and reverse primer (10 uM) and 20 uL RNase free
water. The following two-step PCR reaction program was used:
Step 1-30 s pre-denaturation at 95°C; Step 2-5 s denaturation at
95°C and 20 s annealing for 40 cycles, and extension at 60 “C. The
expression of IL-1p and TNF-a were evaluated using the 2744
method with U6 as the internal standard. Primer sequences are
listed in Table 1.

Immunofluorescence staining

The spinal cord tissue sections were treated with xylene and
graded alcohol, and heated in citric acid for antigen retrieval.
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After blocking with 10% fetal bovine serum (FBS; Gibco, Life
Technologies, United States) for 1h at RT, the sections were
incubated overnight with primary antibodies against ionized
calcium binding adaptor molecule 1 (Iba-1, 1:200, and CST),
CD68 (1:300, Boster Biological Engineering Co.), CD163 (1:30,
Santa Cruz), GFAP (1:600, Abcam), GAP43 (1:200, Abcam) and
MBP (1:200, Abcam) at 4°C. The following day, the sections were
incubated with fluorochrome-conjugate rabbit or mouse
secondary antibodies (1:300, Invitrogen), and mounted with
DAPI medium (Solarbio). The sections were observed under a
fluorescence microscope (Olympus IX73). The fluorescence
intensity of the positively stained area was measured using
Image], and the average fluorescence intensity in each field of
view was calculated.

TUNEL assay

Apoptotic cells were identified by TUNEL staining using the
Apoptosis Detection Kit (Yeasen Biotech, Shanghai, China)
according to the manufacturer’s protocols. Briefly, cells were
fixed for 25min and then permeabilized with proteinase K
(20 pug/ml) for 20 min. After incubating with TdT for 60 min,
the sections were counterstained with DAPIL The slides were
observed under a fluorescence microscope (Olympus IX73), and
the number and proportion of apoptotic cells were counted.

Statistical analysis

The SPSS 20.0 software (SPSS, Chicago, IL, United States)
was used for statistical analyses. Data are presented as mean +
standard deviation (SD). Multiple groups were compared using
one-way ANOVA, and the differences between two groups were
analyzed using unpaired Student’s ¢-test. p < 0.05 was considered
statistically significant.

Results

Andro treatment accelerated tissue
regeneration and functional recovery
after SCI

Rats were intraperitoneally injected with Andro (1 mg/kg)
once daily for 28 days after SCI induction (Figure 1A). Tissue
regeneration and functional recovery were evaluated by standard
histological and behavioral tests. As shown in Figure 1B, the
water content was significantly increased in the spinal cords after
SCI, and restored by Andro treatment. In the footprint test, the
untreated SCI rats showed dragging of both hindlimbs and were
unable to walk, whereas those treated with Andro had relatively
consistent footprints of both hindlimbs and partly regained their
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FIGURE 1

Andro treatment accelerated tissue regeneration and functional recovery after SCI. (A) Establishment of rat SCI model and Andro treatment
protocol. (B—C) Spinal cord water content and footprint test of the different groups at 28 days post-SClI. (D) The Basso, Beattie and Bresnahan (BBB)
locomotor scores of the different groups. (E) Representative images of the HE and Nissl stained sections of the lesion areas showing histological
changes and surviving neurons of the different groups at 28 days post-SCI. (F) Relative lesion cavity area and the number of surviving neurons.

Data are presented as the mean + SD, n = 3 per group.*p < 0.05,**p < 0.01,***p < 0.001, ns p>0.05.

strength 28 days after SCI. Thus, Andro treatment improved the saline-treated SCI groups on days 7, 14, 21 and 28 post-
gait of the animals after SCI (Figure 1C). Unlike the sham- operation. However, Andro treatment significantly improved
operated group, the groups with SCI induction had zero the BBB scores starting from the 14th day post-SCI, which
hindlimb movement post-operation. No significant differences remained consistently higher than that of the other SCI
were observed in the BBB scores between the untreated and groups on days 21 and 28 (Figure 1D).
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apoptosis at 28 days after Andro treatment. (F) Quantitative estimation of the number of TUNEL positive cells. Data are presented as the mean + SD,

n = 3 per group.*p < 0.05**p < 0.01, ns p>0.05

Histological examination of the spinal cords by HE
staining showed significant deformities and cavities in the
injured tissues compared to that in the healthy tissues of the
sham-operated rats. However, Andro treatment significantly
decreased the lesion area, as well as the degree of inflammation
and tissue damage compared to that in the SCI and SCI + NS
groups (Figures 1E,F). Neuronal survival was assessed by Nissl
staining, which showed that the animals treated with Andro
had numerous surviving neurons in the lesion area compared
to the untreated and saline-treated rats (Figures 1E,F). Taken
together, Andro treatment enhanced post-SCI tissue repair
and functional recovery in vivo.

Andro treatment reduced neuronal
apoptosis after SCI

SCI leads to the apoptosis of nerve cells surrounding the
traumatized tissue. Consistent with this, the anti-apoptotic Bcl-2
protein was markedly decreased, while the pro-apoptotic Bax and
cleaved caspase-3 proteins were significantly increased in the
injured spinal cord tissues. Andro treatment not only restored
the expression levels of Bcl-2 but also downregulated Bax and
cleaved caspase-3 (Figures 2A-D). Furthermore, TUNEL
staining also showed a significant increase in the number of
TUNEL-positive apoptotic cells after SCI, which was mitigated
by Andro treatment compared to the SCI and SCI + NS groups
(Figures 2E,F). These results indicated that Andro treatment
reduced SCI-induced apoptosis.
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Andro treatment reduced oxidative stress
and inflammation of SCI rats

Oxidative stress is a major driver of secondary injury after
SCI, which is accompanied by a decrease in the activity of
antioxidant enzymes such as SOD and GSH. As shown in
Figure 3A, SCI significantly reduced SOD and GSH activities
in the spinal cord tissues compared to that in the sham-
operated rats after 7 days, which was restored to normal
levels by Andro treatment. Nrf-2 is a “master regulator” of
the the
downstream HO-1 in response to oxidative stress. Both

cellular antioxidant response and activates
Nrf-2 and HO-1 were significantly increased in the Andro-
treated versus the untreated SCI rats at 7 days post-SCI
(Figure 3B), indicating that Andro protected the damaged
tissues against oxidative stress by activating the Nrf-2/HO-
1 signaling pathway.

Inhibiting excessive tissue inflammation is critical for
reducing apoptosis and promoting functional recovery after
SCI. We found that the pro-inflammatory cytokines (IL-1f
and TNF-a) were elevated in the SCI and SCI + NS groups
the sham-operated group,
significantly after Andro treatment (Figure 3C). The NF-«xB
by
promoting cytokine secretion, and also regulates oxidative

compared to and decreased

signaling pathway mediates inflammatory responses
stress and apoptosis. As shown in Figure 3D, the expression
of IkBa and NF-kB were significantly increased in SCI rats
that in the sham-operated rats,

downregulated by Andro treatment. Thus, Andro inhibited

compared to and
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FIGURE 3

Andro treatment reduced oxidative stress and inflammation of SCl rats. (A) SOD levels and GSH activity in the indicated groups 7 days post-SCI.
(B) Immunoblot and relative quantification of Nrf-2/HO-1 pathway-related proteins 7 days post-SCI. (C) IL-1p and TNF-a levels at 28 days post-SCI.
(D) Immunoblot and relative quantification of NF-xB pathway-related proteins (p-IkBa and p-NF-xB) 28 days post-SCI. Data are presented as the

mean + SD, n = 3 per group.*p < 0.05,**p < 0.01, ns p>0.05.

the release of pro-inflammatory cytokines by blocking the
activation of NF-kB pathway. Microglia with M1 phenotype
release and neurotoxins, thereby
aggravating tissue damage and neuronal death. On the other

hand, the M2 microglia produce anti-inflammatory factors to

inflammatory factors
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promote the clearance of invading pathogens and necrotic cells.
The microglial polarization in the injured tissues was assessed by
immunostaining for the microglia marker Iba-1 and M2 marker
CD163. The findings suggested that Iba-1-labeled microglia and
CD163-labeled M2 macrophages were significantly increased in
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FIGURE 4

Andro treatment promoted microglia polarization toward the M2 phenotype after SCI. (A—B) Co-immunofluorescent staining of Iba-1 (red)/
CD163 (green) and relative quantification of Iba-1*/CD163" cells in spinal cord tissues 28 days post-SCI. (C—D) Immunofluorescent staining of CD68
(red)/CD163 (green) and relative quantification of CD68*/CD163" cells in spinal cord tissues 28 days post-SCI. Data are presented as the mean + SD,

n = 3 per group.*p < 0.05,**p < 0.01,***p < 0.001, ns p>0.05.

SCI rats, whereas Andro treatment significantly decreased Iba-1
and increased CD163 expression (Figures 4A,B). Meanwhile,
CD68-labeled CD163-labeled
M2 macrophages were significantly increased in SCI rats, but
Andro significantly downregulated CD68 and
upregulated CD163 (Figures 4C,D). Thus, Andro inhibited
Ml
macrophages,

macrophages and

treatment

polarization and promoted the M2 phenotype of

which  mitigated excessive inflammatory
Taken

together, Andro treatment reduced oxidative stress and

response and promoted tissue repair after SCL

inflammation in the injured spinal cords.
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Andro treatment promoted axonal
regeneration and remyelination after SCI

The formation of glial scars is a major physiological
barrier to axonal regeneration after SCI. Therefore, we
analyzed the in situ expression of GFAP and GAP43 in the
injured tissues to evaluate glial scar formation and axonal
regeneration. GAP43 is closely associated with neuronal
regeneration and can regulate axonal growth and new
axonal connections. In the SCI and SCI + NS groups,
GFAP + glial scars were abundant and a only few GAP43 +
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FIGURE 5
Andro treatment promoted axonal regeneration of SCI rats. (A) Co-immunofluorescent staining showing the glial scar (GFAP, red) and the

axonal regeneration (GAP43,green) in spinal cord tissues 28 days post-SCl. (B—D) Immunoblot and relative quantification of GFAP and
GAPA43 proteins. Data are presented as the mean + SD, n = 3 per group.*p < 0.05,**p < 0.01, ns p>0.05
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FIGURE 6

Andro treatment enhanced axonal remyelination in SCI rats. (A) Co-immunofluorescent staining showed the glial scar (GFAP, red) and the
axonal remyelination (MBP, green) in spinal cord tissues 28 days post-SClI. (B—D) Immunoblot and relative quantification of GFAP and MBP proteins.
Data are presented as the mean + SD, n = 3 per group.*p < 0.05,**p < 0.01, ns p>0.05.

axons were detected. However, treatment with Andro immunostaining results were confirmed by the increased
significantly decreased GFAP + scars and increased the expression level of GAP43 protein in the immunoblots
number of GAP43 + axons (Figure 5A). The from Andro-treated group (Figures 5B-D). In general, the
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FIGURE 7

Andro treatment abrogated H,O,-induced apoptosis, oxidative stress and inflammation in cortical neurons. (A) The molecular structure of
Andro and cell viability in response to different concentrations of Andro. (B) Immunofluorescence images showing the axon labeled with Tujl in
primary cortical neurons and the mean neurite length ranges was counted and ploted. (C) TUNEL staining showing apoptotic cells and immunoblot
showing the expression levels of Bcl-2, Bax and Cleaved caspase-3. (D) ROS production in cortical neurons was measured by DCF staining. (E)
IL-1B and TNF-a mRNA and protein levels in the indicated groups. Data are presented as the mean + SD, n = 3 per group.*p < 0.05,**p < 0.01, ns p
>0.05.
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findings suggested that Andro treatment decreased the
formation of glial scars and promoted axonal regeneration
after SCIL.

Axonal myelination plays a key role in maintaining
neurological functions. Therefore, we also analyzed the effect
of Andro on remyelination by immunostaining the tissues with
GFAP and MBP, a major myelin protein and a marker of active
remyelination. As shown in Figure 6A, the expression of MBP
was lower at the lesion sites in the untreated rats but increased
significantly in the Andro-treated group. In contrast, GFAP levels
were significantly decreased in the SCI + Andro group compared
to the SCI and SCI + NS groups (Figure 6A). Similar results were
obtained in western blotting experiments (Figures 6B-D). These
findings suggested that Andro treatment promoted axonal
remyelination after SCI.

Andro treatment abrogated H,0O,-
induced apoptosis, oxidative stress and
inflammation in cortical neurons

To further investigate the effects of Andro on apoptosis,
inflammation and oxidative stress in vitro, we treated rat cortical
neurons with 300 uM H,O, in the presence or absence of Andro.
The chemical structure of Andro is shown in Figure 7A. Rat
cortical neurons treated with different concentrations of Andro
(0, 5, 10 and 20 uM) for 24 h were viable. Furthermore, Andro
enhanced viability of the H,O,-treated cells in a dose-dependent
manner, and the 20uM dose was used for subsequent
experiments (Figure 7A). First of all, we found that Andro
promoted the generation capacity of neurons by H,O,
treatment (Figure 7B).As shown in Figure 7C, H,O, markedly
increased the number of apoptotic cells, which was decreased by
Andro treatment. Consistent with this, Andro significantly
upregulated Bcl-2, and inhibited the expression of Bax and
cleaved caspase-3. Furthermore, DCF analysis suggested that
ROS production was increased in H,O,-treated rat cortical
neurons compared to the controls, and decreased by Andro
(Figure 7D). In addition, the expression levels of IL-1$ and
TNF-a transcripts also increased in H,O,-treated rat cortical
neurons, and were downregulated by Andro (Figure 7E). Taken
together, Andro treatment alleviated H,O,-induced apoptosis,
oxidative stress and inflammation in rat cortical neurons.

Discussion

Secondary injury following SCI induction is characterized by
neuronal apoptosis, oxidative stress and inflammation, which
leads to neuronal demyelination and axonal degeneration, and
exacerbates neurological dysfunction (Zhang and Shi, 2010;
Ahuja et al, 2017a; Hou et al, 2021). However, there are
currently no treatment strategies that can effectively inhibit
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secondary injury and promote functional recovery after SCI.
Therefore, it is crucial to develop therapeutic strategies that can
alleviate secondary injury in a timely manner and promote
neurological recovery.

Andro, a bioactive compound of the medicinal herb A.
has
antioxidant and anti-inflammatory in different models of

paniculate, exhibited neuroprotective, anti-apoptotic,
neurological diseases (Geng et al., 2019; Xu et al., 2019; Zhang
et al,, 2021; Gong et al.,, 2022). It attenuated neuronal apoptosis
and oxidative stress in subarachnoid hemorrhage by activating
the Nrf2/HO-1 signaling pathway (Gong et al, 2022), and
protected PCI12 neuronal cell line against inflammation- and
oxidative stress-related injury by respectively inhibiting the NF-
kB pathway and activating the Nrf2/HO-1 pathway (Xu et al.,
2019). Furthermore, APP/PS1 transgenic mice treated with
Andro exhibited lower microglial activation and secretion of
pro-inflammatory factors (Zhang et al., 2021).

However, the neuroprotective effects of Andro in SCI have
not been elucidated completely. To this end, we explored its
therapeutic effects and the possible underlying mechanisms in a
rat model of SCI. Andro accelerated tissue repair and functional
recovery after SCI, alleviated neuronal apoptosis, oxidative stress
and inflammation through the Nrf-2/HO-1 and NF-«B signaling
pathways, promoted M2 polarization of macrophages, and
enhanced axonal regeneration and remyelination. In addition,
Andro treatment relieved spinal cord edema and reduced the
cavity area, which coincided with neuron survival. The rats
treated with Andro exhibited significantly improved gait and
locomotive performance compared to the untreated group,
indicating that it can restore motor function after SCI.

The loss spinal neurons and glial cells after SCI is attributed to
apoptosis, which also affects neuronal function (Toescu, 1998;
Bahney and von Bartheld, 2018). Therefore, promoting neuronal
survival and inhibiting apoptosis can increase the chances of nerve
regeneration after injury. We found that Andro treatment
significantly increased the expression of Bcl-2, and inhibited Bax
and cleaved caspase-3. Consistent with this, rats treated with Andro
had fewer apoptotic cells in the injured spinal cord tissues. Similar
results were observed for the H,O,-stimulated cortical neurons
in vitro. Thus, Andro alleviated secondary injury after SCI by
inhibiting neuronal apoptosis. Consistent with these results, a
recent study has shown that Andro inhibited bupivacaine-
induced apoptosis by downregulating Bax and active caspase
three and upregulating Bcl2 in SH-SY5Y cells (Zhang et al., 2019).
studies show that
inflammatory responses are critical factors in the progression of
secondary injury after SCI (Li et al., 2019; Liu et al., 2020). Andro
can protect neurons against inflammation-mediated injury and

Futhermore, oxidative stress and

oxidative damage via NF-«B inhibition and Nrf-2/HO-1 activation
(Tao et al., 2018; Xu et al., 2019). We found that Andro treatment
reversed the decrease in the activity of antioxidant enzymes SOD
and GSH after SCI, indicating a protective function against
oxidative stress. Nrf-2 is a key regulatory protein in the
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FIGURE 8
Schematic diagram showing the mechanism of Andro.

endogenous antioxidant defense system that initiates the
transcription of antioxidant enzymes (Xia et al, 2018; Gong
et al,, 2022). HO-1 is an antioxidant protein downstream of the
Nrf-2/ARE signaling pathway (Li et al., 2019). Upregulation of
HO-1 can reduce inflammation and oxidative stress following SCI
(Lietal., 2019), which translates to neuronal repair (Xia et al., 2018;
Dai et al, 2021)and increased functional recovery. Andro
treatment increased the expression of Nrf-2 and HO-I,
indicating that its antioxidant is likely mediated via activation
of the Nrf-2/HO-1 signaling pathway. In the in vitro studies, we
found that Andro inhibited intercellular ROS generation,
suggesting that the H,0,-induced oxidative stress in the
cultured cortical neurons was also alleviated by Andro
treatment. These results are consistent with those of previous
studies showing that Andro can alleviate oxidative stress by
directly inhibiting ROS production via the Nrf2/HO-1 signaling
pathway (Xu et al.,, 2019; Gong et al., 2022).

The NF-kB signaling pathway is a classical inflammatory
pathway involved in various neurological diseases (Lawrence,
2009; Liu et al, 2021). SCI results in significant local
inflammation, as indicated by elevated pro-inflammatory
cytokines (IL-1p and TNF-a) and activated IxBa/NF-xB
signaling pathway. However, Andro treatment not only
mitigated cytokine levels but also inhibited IkBa/NF-kB,
indicating that Andro can alleviate inflammation-mediated
injury by inhibiting the NF-xB signaling pathway. These
results are consistent with previous findings (Xu et al., 2019).
The anti-inflammatory effect of Andro was further validated in
the H,O,-treated cortical neurons model. Overall, these results
indicated that Andro treatment reduced oxidative stress and
inflammation in the injured spinal tissues.
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Oxidative stress and inflammation are the key drivers of
secondary local SCI, and exhibit a functional crosstalk. ROS
deplete cellular antioxidants and damage cells and organelles,
which initiates or intensifies inflammation (Eastman et al., 2020).
In addition, the activation of oxidative stress and inflammatory
responses aggravate apoptosis of residual neurons, which further
deteriorates the local microenvironment at the injury site, and
inhibit neuronal regeneration and the recovery of neural function
(Hou et al., 2021; Fakhri et al., 2022).

Microglia are that
constitute the innate immune population in the central

specialized macrophage-like cells

nervous system. The M1 microglia produce pro-inflammatory
cytokines that cause neurotoxicity, while the M2 phenotype
protect injured nerves by producing anti-inflammatory
cytokines (Xu et al, 1999; Gaojian et al, 2020). The
predominant microglial population in the injured spinal cord
microenvironment is of the M1 type, which not only aggravates
secondary injury but also hinders nerve regeneration and
remodeling (Wang W et al.,, 2018; Fan et al., 2019). Therefore,
blocking  the the
MI1 phenotype, and promoting M2 polarization can aid in

hyperpolarization of microglia to

functional recovery after SCI by maintaining an optimal M1/
M2 balance. Studies that Andro
inflammation-mediated neuronal damage

show could reduce
by modulating
macrophage and microglia overactivation (Wang et al., 2004;
Yang et al., 2017). We observed M1 microglia in the fibrotic
component of the glial scars. Andro treatment significantly
reduced the number and distribution of M1 microglia and
increased that of M2 microglia, suggesting that Andro can
attenuate the excessive inflammatory response after SCI by

restoring the M1/M2 ratio.
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SCI activates multiple cells in the vicinity of the affected
tissue, which then proliferate and form glial scars. Although glial
scars can control the progression of secondary injury, they also
act as a physical and chemical barrier against axonal regeneration
(Rolls et al., 2009; Tran et al., 2018). Therefore, reducing glial
scars and cavities can promote axonal regeneration and
remyelination, and improve functional recovery after SCI. In
our study as well, we detected extensive glial scar formation in the
injured spinal cord tissue that was characterized by accumulation
of GFAP + astrocytes. However, Andro treatment significantly
increased the expression of GAP43 in the injured tissues and
decreased the number of astrocytes, which in turn mitigated glial
scarring and promoted axonal regeneration, eventually bridging
the gaps at lesion sites and restoring tissue continuity. These
results are consistent with previous findings (Liang et al., 2017; Li
et al., 2021).

Myelin is critical for maintaining the integrity and
neurological functions of axons (Wu and Ren, 2009; Fan
et al, 2016). Secondary injury after SCI causes edema,
inflammation, oxidative stress and oligodendrocyte necrosis
and apoptosis, leading to axonal demyelination (Hassannejad
et al,, 2019). The degree of remyelination directly affects tissue
repair after SCI. Although spontaneous remyelination occurs in a
fraction of the axons, persistent demyelination eventually leads to
irreversible neurological dysfunction (Mi et al., 2013). Previous
studies have shown that remyelination can prevent axonal
degeneration and restore function following SCI (Alizadeh
and Karimi-Abdolrezaee, 2016). Consistent with this, Andro
treatment significantly increased the expression of the
remyelination protein MBP in the injured spinal cord,
indicating that it promotes axonal remyelination after SCI.

Conclusion

Andro
inflammation in the in vitro and in vivo models of SCI via
the Nrf-2/HO-1 and NF-kB signaling pathways (Figure 8).
Furthermore, Andro treatment polarized macrophages to the

alleviated apoptosis, oxidative stress and

M2 phenotype, and promoted axonal regeneration and
remyelination. Thus, Andro can promote motor functional
recovery after SCI and warrants clinical validation.
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Glossary

SCI spinal cord injury

Andro Andrographolide;

AD Alzheimer’s disease

PD Parkinson’s disease

CCH chronic cerebral hypoperfusion
NLRP3 NLR Family Pyrin Domain Containing 3
SPF specific pathogen-free

SD Sprague-Dawley

NS sterile saline;

AST Astrocytes

FBS fetal bovine serum

CCK-8 Cell Counting Kit-8

GSH glutathione

SOD superoxide dismutase

IL-1f interleukin 1B

TNF-a tumor necrotic factor-a
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ROS Reactive oxygen species

2,7- DCF-DA 2,7-dichlorodihydrofluorescein diacetate
BBB Basso, Beattie, and Bresnahan

PFA paraformaldehyde

HE hematoxylin-eosin

RIPA Radio Immunoprecipitation Assay

BCA bicinchoninic acid

PVDF polyvinylidene difluoride; Nrf-2:Nuclear factor E2-related
factor 2

HO-1 Heme oxygenase-1; NF-kB:Nuclear factor-kappa B
GFAP Glial fibrillary acidic protein

GAP43 Growth-associated protein 43

MBP Myelin basic protein

TBST Tris buffer solution

RT room temperature

qRT-PCR Quantitative real-time polymerase chain reaction

SDs standard deviations.
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