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1 | INTRODUCTION

Abstract

Aim: To investigate the effect of apigenin on fibrous scar formation after mouse spinal
cord injury (SCI).

Methods: The pneumatic impactor strike method was used to establish an SCI model.
Mice were intraperitoneally injected with 5 mg/kg or 20mg/kg apigenin daily for
28days after SCI. The Basso Mouse Scale (BMS) score, hematoxylin-eosin staining,
and immunohistochemical staining were used to assess the effect of apigenin on scar
formation and motor function recovery. Western blotting and gRT-PCR were used to
detect the expression of fibrosis-related parameters in spinal cord tissue homogen-
ates. NIH-3 T3 cells and mouse primary spinal cord fibroblasts, a-Smooth muscle actin
(x-SMA), collagen 1, and fibronectin were used to evaluate apigenin's effect in vitro.
Western blotting and immunofluorescence techniques were used to study the effect
of apigenin on TGFB/SMADs signaling.

Results: Apigenin inhibited fibrous scar formation in the mouse spinal cord and pro-
moted the recovery of motor function. It reduced the expression of fibroblast-related
parameters and increased the content of nerve growth factor in vivo, decreasing
myofibroblast activation and collagen fiber formation by inhibiting TGFp-induced
SMAD2/3 phosphorylation and nuclear translocation in vitro.

Conclusion: Apigenin inhibits fibrous scar formation after SCI by decreasing fibrosis-

related factor expression through TGFB/SMADs signaling.
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of nerves after SCI.>® Scars formed after SCl are classified as fibrous

and glial scars.* Fibrous scars are formed by the activation of fibro-

Spinal cord injury (SCI) is a devastating injury that brings sensory and blasts around the dura mater and blood vessels in the injured area,

motor dysfunction to patients, causing serious social and economic invading the hyperplastic hypertrophy of the injured area. Fibrous

impacts.! Studies have shown that the recovery of nerve and motor scars inhibit axonal regeneration and functional recovery, resulting

function is closely related to the formation of scars and regeneration in permanent functional deficits. °
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Transforming growth factor p (TGF) is one of the main catalysts
that activate resting fibroblasts and is a multifunctional cytokine-
mediating immune regulation, angiogenesis, and the regulation of fi-
brotic activity. In the TGFB/SMAD:s signaling pathway, SMADs proteins
act as direct substrate proteins for TGFfR action, participating in and
regulating its cellular signaling. There are nine types of SMAD proteins,
of which receptor-regulated SMAD2 and 3, co-regulated SMAD4, and
inhibitory SMAD7 are mainly involved in TGFp signaling.® Combined
with our earlier findings, the TGFB/SMADs signaling pathway was sig-
nificantly activated, with TGF/SMADs pathway-related protein mRNA
levels being significantly increased.” Therefore, the TGFB/SMAD:s sig-
naling pathway necessarily is a key factor after SCI (Appendix S1).

Apigenin is a flavonoid widely found in nature and extracted
mainly from celery, parsley, thyme, chamomile, and onion.® Studies
have indicated that it plays an important role in antioxidation,” and
has antiinflammation,'® antitumor (prostate,!* ovarian,!? breast,'®
lung,* gastric,’® etc.), and antifibrosis roles, among others. Wang
et al. demonstrated that apigenin attenuates TGFp-stimulated car-
diac fibroblast differentiation and extracellular matrix production
by targeting the miR-155-5p/c-Ski/Smad pathway.’® Hicks et al.
confirmed apigenin is a potential antifibrotic agent targeting hepatic
stellate cells.}” However, its role in SCI has not been reported yet.

This article aimed to investigate the role and specific molecular
mechanism of apigenin in regulating fibroblasts after SCI. We hy-
pothesized that apigenin may attenuate fibrous scar formation after
SClI by inhibiting TGFp/SMADs signaling.

2 | METHODS

2.1 | Chemicals
TGFpB was from Peprotech. Apigenin (>99% purity) was from MCE
(MedChemExpress). SIS3 was from MCE (MedChemExpress).

2.2 | Cellculture

The mouse embryonic fibroblast cell line NIH-3 T3 was from the
National Collection of Authenticated Cell Cultures, and mouse pri-
mary spinal cord fibroblasts were from Procell. NIH-3 T3 cells were
cultured in Dulbecco's modified Eagle's medium (Gibco) with 10%
newborn calf serum (Gibco), 100U/ml penicillin-streptomycin, glu-
tamax (Invitrogen), and a sodium pyruvate 100mM solution (Gibco).
The mouse primary spinal cord fibroblasts were placed in complete
culture medium (CM-M162, Procell). All cells were maintained at
37°C in a humidified atmosphere with 5% CO,.

2.3 | Cell counting kit-8 (CCK-8) assay

NIH-3 T3 cells in the log phase were trypsinized and resuspended
in complete medium. Then, 100ul of cell suspension (about 7x10°

cells) was added to each well of a 96-well culture plate. After cultur-
ing for 24 and 48h in different concentrations of apigenin, 10 pl of
CCK-8 reagent (AmylJet) were added to each well, followed by in-
cubation for 2 h. Subsequently, a spectrophotometer (Thermo) was
used to detect the absorbance at 450 nm.

2.4 | Animals

C57BL/6 mice (6-8weeks old, 18-22 g body weight) were purchased
from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. Mice were
housed under standard conditions (12h light/dark cycles with the
lights on from 07:00 to 19:00), and food and water provided ad li-
bitum. The relevant animal procedures were approved by the Jinan
Central Hospital (No. JNCH-202114). C57BL/6 mice were randomly
divided into four groups: Sham (T8-T10 laminectomy only), control
(T8-T10 laminectomy and injury), apigenin 5 mg/kg (T8-T10 lami-
nectomy and injury, apigenin 5 mg/kg), apigenin 20mg/kg (T8-T10

laminectomy and injury, apigenin 20mg/kg).

2.5 | SCI model establishment

Mice were injected intraperitoneally with 3% pentobarbital (30mg/
kg; Sigma-Aldrich), and a spinal cord impactor (RWD, 68100) was
used after T8-T10 laminectomy to expose the spinal cord at a speed
of 1 m/s and a depth of 2mm. The success of SCI modeling was
judged by significant visualization of the injury site, transient spasms
in the hind limbs and tail, and a postoperative loss of motor and
sensory function. The surgical area was sutured layer by layer. The
bladder was manually squeezed three times a day until spontaneous

micturition resumed.

2.6 | BMS score assessment

Normal mice were placed in an open area 1day before surgery to
familiarize them with the environment. Each mouse was scored for
BMS on postoperative days 1, 3, 7, 10, 14, 18, 21, 24, and 28, with
an observation period of 5 min for each score. The experiment was
performed by an experimenter familiar with the scoring rules and
scored immediately after observation.

2.7 | qRT-PCR

Total RNA was extracted with a kit (AG21017, AG11728; Accurate
Biotechnology [Hunan] Co., Lte.) and reverse transcribed. A SYBR
Green Premix Pro TagHS gPCRkit(AG11701; Accurate Biotechnology
[Hunan] Co., Lte.) was used qRT-PCR, performed in a Light Cycler 480
Il (Roche) real-time polymerase chain reaction system. The mRNA
levels of the target gene were calculated by the 2725CT method and
normalized to the mRNA levels of the glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) gene to determine fold changes in the rela-
tive expression of the target gene. The sequences of forward and

reverse primers used are shown in Table 1.

2.8 | Western blotting

Cells or tissues were collected and lysed to prepare protein sam-
ples, which were separated by SDS-PAGE and transferred to nitro-
cellulose (NC) membranes. NC membranes were blocked with 5%
skimmed milk in Tween 20 (TBST) tris-buffered saline for 1.5 h at
room temperature and shaken overnight at 4°C with primary anti-
body. Subsequently, the NC membrane was incubated with the cor-
responding secondary antibody for 1 h at room temperature. Finally,
chemiluminescence reagents (Cat. No: BL520B, Biosharp) were
added to the NC membrane, which was developed in a gel imager
(FluorChem M, Proteinsimple). Signals were analyzed by Image J
software (National Institutes of Health).

The primary antibodies were anti-SMAD2/3 (1:1000, Cell
anti-Phospho-SMAD2/3 (1:1000, Cell
Signaling Technology), anti-a-SMA(1:1000, Proteintech), anti-
Phospho-AKT (1:1000, Cell Signaling Technology), anti-AKT
(1:1000, Cell Signaling Technology), anti-Phospho-p44/42 MAPK
(ERK1/2) (1:1000, Cell Signaling Technology), anti-p44/42 MAPK
(ERK1/2) (1:1000, Cell Signaling Technology), anti-SMAD4 (1:1000,
Proteintech), anti-SMAD7 (1:1000, Santa Cruz), anti-FN (1:1000,
Proteintech), and anti-GAPDH, (1:5000, Proteintech).

Signaling Technology),

2.9 | Hematoxylin and eosin staining (H&E
staining)

Spinal cord tissues 5mm above and below the injury site were removed
and fixed in 4% paraformaldehyde (Solarbio) for 24 h, followed by de-
hydration and paraffin embedding. Serial 5-pm sections were cut with
a microtome (Leica [China]). Sections were deparaffinized stepwise
with xylene and different concentrations of ethanol. Hematoxylin
staining was performed for 5 min for water and differentiation solu-
tion washing. Sections were sequentially dehydrated in 85% and 95%

graded alcohol for 5 min and stained with eosin for 5 min. Sections

TABLE 1 The primer sequence of gene

Primer sequence, 5'-3’
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were dehydrated and mounted in neutral gum. Representative images

were observed and captured using an electron microscope (Olympus).

2.10 | Immunofluorescence staining and
immunohistochemical staining

Tissue sections were analyzed as per the kit (sp-9000, ZSGB-BIO)
manufacturer's instructions, using the antibodies a-SMA (1:200,
Proteintech) and CSPG (1:100, SIGMA-ALDRICH).

2.11 | Statistical analysis

All data are expressed as the mean+SD. BMS scores were analyzed
by two-way analysis of variance with Bonferroni post hoc correc-
tion, and multiple group comparisons were analyzed using one-way
analysis of variance (anova) with Bonferroni post hoc correction.
GraphPad Prism v8.0 software was used for statistical analysis. p

value <0.05 was considered statistically significant.

3 | RESULTS

3.1 | Effects of different concentrations of apigenin
on NIH-3 T3 cells

To study the effects of different concentrations of apigenin on fi-
broblasts, we selected seven concentration gradients with a 10-fold
increase from 0.01 to 1000puM. As shown in Figure 1A, CCK-8 de-
tection found that apigenin had almost no toxic effects on NIH-3 T3.
The expression of the fibrosis-related genes Acta2, Fn, Collal, Colla2
and Col4al in NIH-3 T3 was increased by 1.5-4.5 times after 24h
of stimulation with 10 ng/ml TGFp. However, all relevant parameters
decreased after treatment with different apigenin concentrations
(Figure 1B-F). Additionally, the expression of a-SMA, a marker of
myofibroblasts, was significantly increased after TGFp stimulation,
whereas apigenin suppressed this change (Figure 1G,H). Combining
the results of qRT-PCR and Western blotting, we finally selected the
apigenin concentrations of 10 pM and 20 uM for further experiments.

Gene Forward Reverse

GAPDH TGTCTCCTGCGACTTCAACA GGTGGTCCAGGGTTTCTTACT
Collal GTGAGACAGGCGAACAAG CCAGGAGAACCAGGAGAA
Colla2 CTCCTGGCAATCGTGGTTCA GCCAACATTTCCAGGAGACC
Col4al AGGAACGACTACTCTTACTG CACTGCGGAATCTGAATG
Acta2 TGAAGAGCATCCGACACT GCCTGAATAGCCACATACAT
Fn CCATTCCACCTTACAACAC CAAGCCAGACACAACAAT

Ngf TGCCAAGGACGCAGCTTTC

TGAAGTTTAGTCCAGTGGGCTTCAG
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3.2 | Apigenin inhibits fibrosis expression induced
by TGFp in NIH-3 T3 cells

To further validate the inhibitory effect of apigenin on fibrosis, we first
examined the expression of a-SMA and fibronectin by Western blot-
ting. The expressions of a-SMA and fibronectin were up-regulated
after TGFp stimulation, while they were down-regulated after the ad-
dition of 10 pM and 20 uM apigenin (Figure 2A-C). We then examined
a-SMA expression by immunofluorescence. Cells were activated, and
the expression of a-SMA was significantly increased after TGF treat-
ment. Apigenin significantly decreased the expression of a-SMA in

a concentration-dependent manner (Figure 2D). We could conclude

that apigenin can inhibit the activation of NIH-3 T3 cells.

3.3 | Apigenin inhibits the activation of primary
mouse spinal cord fibroblasts

Treatment with or without apigenin in primary mouse spinal cord
fibroblasts indicated that apigenin could better inhibit TGFp-induced
fibrosis-related parameter elevation with increasing concentrations

(Figure 3A-C). The protein expression of FN and a-SMA was detected
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FIGURE 2 Apigenin inhibits fibrosis expression induced by TGFf in NIH-3 T3 cells. (A) The expression of Fn and a-SMA in NIH-3 T3 cells
incubated with DMSO or apigenin for 24 h in the presence or absence of TGFp was detected by Western blotting and (B, C) quantitative
analysis. (D)The expression of a-SMA, with or without TGFp stimulation and incubation with DMSO or apigenin for 24 h, was detected by
immunofluorescence (Scale bar = 12.5 pm). (* means p <0.05; ** means p <0.01, p values were calculated with one-way anova, followed by

Bonferroni's multiple comparison test. n = 3)

by Western blotting, and apigenin was found to be able to inhibit the
TGFB-induced up-regulation of a-SMA and FN (Figure 3D-F). Our
experimental results showed that apigenin significantly inhibited

mRNA and protein expression in mouse spinal cord fibroblasts.

3.4 | Apigenin promotes recovery and alleviates
scar formation after spinal cord injury in mice

To verify the effect of apigenin on SCI, we established a mouse model
of SCI using a percussion and scored BMS to evaluate the recovery
of mouse motor function. The results of the BMS score showed that
the motor function of mice in the apigenin group was significantly
improved, and the improvement in the high concentration group was

more significant than that in the low concentration group (Figure 4A).
H&E staining showed that scar formation was observed at the site
of tissue injury, which was reduced in the apigenin treatment group
(Figure 4B). Immunofluorescence analysis of tissue sections showed
that the expression of CSPG was decreased in the apigenin-treated
group compared to the control group (Figure 4C). Similarly, immu-
nohistochemistry showed that apigenin reduced the elevation of
a-SMA after SCI (Figure 4D,E). These results demonstrated that api-
genin could reduce the formation of fibrous scars after SCI in mice.
Compared with the normal group, the expression of fibrosis-
related genes in the spinal cord tissue was significantly increased by
8-33-fold in the control group. However, the expression of Acta2,
Collal, Colla2, Col4al, and Fn decreased significantly in a dose-
dependent manner in the apigenin group (Figure 5A-E). Interestingly,
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FIGURE 3 Apigenin inhibits the activation of primary mouse spinal cord fibroblasts. After primary mouse spinal cord fibroblasts were
stimulated by TGFp and incubated with DMSO or apigenin, fibrosis-related mRNA and protein expression were detected by (A-C) qRT-PCR
and (D) Western blotting. Quantitative analysis of a-SMA and Fn protein expression is shown in (E, F). (*f means p<0.05; ** means p<0.01;
***means p<0.001, p values were calculated with one-way anova, followed by Bonferroni's multiple comparison test. n = 3)

the expression of nerve growth factor (Ngf) in the apigenin treat- time of 0, 15, 30, or 60min, and cellular protein was extracted to de-
ment group was significantly higher than that in the control group tect the expression of phosphorylated SMAD2/3 protein. The phos-
(Figure 5F), indicating that apigenin may promote nerve regenera- phorylation level of SMAD2/3 decreased continuously from 15 to
tion by increasing the expression of Ngf after SCI. Spinal cord tissue 60min of treatment (Figure 6A), which demonstrated that apigenin
proteins were extracted and the expression of a-SMA protein was could inhibit the phosphorylation of SMAD2/3. Immunofluorescence

detected by Western blotting. The expression of a-SMA decreased staining was used to detect the localization of SMAD2/3, and the

in the apigenin treatment group, especially in the high-concentration number of SMAD2/3 nuclei decreased in the apigenin-treated group
treatment group (Figure 5G,H). Taken together, these results confirm (Figure 6B). We also explored the effects of apigenin on other path-
that apigenin reduces scar formation after SCl in mice and promotes ways involved in fibrosis. The stimulation of TGFp similarly promoted
the expression of Ngf as well as the recovery of motor function. the phosphorylation of ERK1/2 and AKT, while apigenin had no ef-

fect on this change (Figure 6C,D). SMAD4 and SMAD7 can regulate
the activity of SMAD2/3. Apigenin did not affect the expression of
3.5 | Apigenin inhibits TGFﬁ/SMADS SMAD4 and SMAD? at the protein level after TGFp stimulation for
pathway activity 24h (Figure 6E). Following functional experiments in NIH-3 T3 cells,
RT-PCR results showed that SIS3, an inhibitor of SMAD3, was equally
The TGFB/SMADs pathway is involved in most types of fibrosis dis- effective in reducing TGFp-induced high expression of fibrosis-related
ease.’® To further explore the mechanism of apigenin-mediated inhibi- genes at the mRNA level. However, co-stimulation of SIS3 and api-
tion of fibrous scar formation after SCI, NIH-3 T3 cells were treated genin did not show a better therapeutic effect compared to apigenin
with DMSO or apigenin for 24h. TGFp was added with an incubation alone (Figure 6F). All these results show that apigenin can inhibit the

FIGURE 4 Apigenin promotes recovery and alleviates scar formation after spinal cord injury in mice. (A) BMS scores indicate the

motor functional index over 28 days after SCI (n = 6). (B) Sections of injured spinal cord were stained with H&E (Scale bar = 50 um). (C)

The expression of CSPG was detected by tissue immunofluorescence (upper Scale bar = 50 um, lower Scale bar = 25 um). (D) a-SMA was
detected by tissue immunochemistry (Scale bar = 50 um), and the analysis of positive areas is shown in (E). (ns means p>0.05; * means
p<0.05; ** means p<0.01; *** means p<0.001; **** means p<0.0001, p values of (A) were analyzed by two-way analysis of variance, and p
values of (E) were calculated with one-way anova, both p valuesfollowed by Bonferroni's multiple comparison test. n = 3)
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FIGURE 5 Apigenin inhibits fibrous scar formation after spinal cord injury. (A-F) Expression of Acta2, Collal, Colla2, Col4al, Fn and
Ngf in spinal cord homogenates after injured 28 days detected by qRT-PCR. (G) Protein was extracted from spinal cord tissues 28 days
after spinal cord injury, and the expression of a-SMA was detected by Western blotting. (H) Quantitative analysis of a-SMA expression. (*
means p<0.05; ** means p<0.01; *** means p<0.001; **** means p<0.0001, p values were calculated with one-way anova, followed by
Bonferroni's multiple comparison test. n = 3)
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phosphorylation of SMAD2/3 and its entry into the nucleus, thus in-
hibiting TGF/SMADs signaling and reducing fibrous scar formation
after SCI (Figure 6H).

4 | DISCUSSION

SCl remains a serious and difficult-to-treat disease. There are 15-20
cases of traumatic SCI per million people every year, and SCI causes
7 billion US dollars in losses to society every year.19 Patients with
acute SCI usually present a permanent disability, accompanied by
a number of complications such as urinary incontinence, pressure
sores, and ventilatory dysfunction.?® Current treatment methods are
mainly limited to surgical decompression and acupuncture support
measures,21 which cannot solve the problem from the source. To
find a better treatment strategy, we ought to understand the patho-
physiological mechanism of and cytobiological differences after SCI.

The pathological manifestations of SCI can be divided into two
injury stages. In the first stage, when the patient is injured, the se-
verity of mechanical violence on the spinal cord directly determines
SCI severity. The first stage mainly includes local edema, ischemia,
hemorrhage, necrosis, and tissue laceration caused by trauma. The
second stage is chronic long-term progressive damage after injury,
including mitochondrial dysfunction, local ischemia, moderate excit-
ability, neuroinflammatory reaction, apoptosis, and scar formation.??

The key to neuronal regeneration after SCl lies in the recovery
of the number of nerve cells and functional repair in the injured site.
The disturbance of neuronal cell regeneration is mainly related to
scar formation and the weakened regeneration ability of mature
neuronal cells. Scars formed after SCI can be classified as fibrous
and glial scars. Glial scars are traditionally believed to play a major
inhibitory role in the process of axonal regeneration. Studies have
shown that glial scars play a positive role in neuroprotection in the
acute phase after SCI, while fibrous scars form a mechanical bar-
rier and inhibit axonal regeneration after SCI.2% Fibrous scars are
formed by the activation, proliferation, and migration of vascular
peripheral cells and fibroblasts to the lesion center. Fibroblasts have

225 and in

been shown to reduce the length of neurons in vitro
vivo.2%?7 Fibroblasts can secrete extracellular matrix components
(such as fibronectin, type IV collagen, and laminin) and proliferate
and hypertrophy, forming a mechanical barrier that hinders axonal
growth recovery. Fibroblasts can also secrete axon growth inhibi-
tory molecules (CSPGs, NG2 proteoglycan, tendon protein C, etc.)
which severely hinder axonal regeneration and functional recovery.
Therefore, inhibiting the activation of fibroblasts to inhibit the for-
mation of fibrous scars is a key to functional recovery after SCI.

In recent years, small molecular drugs have received increasing
attention because of their accessibility and low cost. Some articles
have studied the potential of new small molecular drugs in the treat-
ment of SCI. Some articles have even proposed a model of drug
screening for SCI treatment.?®
Apigenin is a compound found in nature and can be extracted

from celery, parsley, thyme, chamomile, and onion. Studies have

shown that apigenin has the effects of antiinflammation, antioxida-
tion, weight loss, antitumor, antivirus, antifibrosis, etc. It has been
reported to have a protective effect in liver, pulmonary, and myocar-
dial fibroses. However, its role in SCI has not been reported.

In this study, the mouse embryonic fibroblast cell line NIH-3 T3
was used to explore the effects of different concentrations of api-
genin, with two concentrations selected for further study. These
concentrations were used to treat the mouse embryonic fibroblast
line NIH-3 T3 and the primary mouse spinal cord fibroblast stimu-
lated by TGF. Western blotting, gRT-PCR, and immunofluorescence
allowed the detection of several key fibrosis indexes (a-SMA, Fn,
Collal, Colla2, and Col4a expression) to verify the inhibitory effect
of apigenin on fibroblast activation. Next, we build a model of SCI
mice, and intraperitoneally injected them with two different doses
of apigenin every day. The recovery of motor function was observed
by BMS score. On the 28th day, the mice were killed, and the spi-
nal cord tissue was taken out. Tissue immunofluorescence, Western
blotting, and qRT-PCR were used to compare the formation of fi-
brous scars among groups, demonstrating that apigenin can inhibit
the formation of fibrous scars in vivo.

The TGFp family includes a series of structural and functional
polypeptide growth factor subfamilies such as TGFp and activin
A% TGFp family ligands can form ligand-receptor complexes with
their corresponding type | and type Il receptors on the cell mem-
brane. Type Il receptors act on type | receptors, phosphorylating
them and activating their kinase activity. After type | receptor ac-
tivation, they quickly recruit and continue to activate downstream
SMAD2/3 proteins to form SMAD2/3/4 complexes, which enter
and accumulate in the nucleus to mediate transcriptional regula-
tion.%° TGFp is one of the main catalysts for activating resting fi-
broblasts. TGFp signaling pathway can activate fibroblasts near the
dura mater and blood vessels in the area of SCI, making fibroblasts
proliferate, migrate, and secrete ECM and promoting the process
of tissue fibrosis. In order to explore the mechanism of apigenin-
mediated inhibition of fibrous scar formation, we used Western
blotting to detect the degree of SMAD2/3 phosphorylation after
apigenin treatment with TGFp at different times. We detected the
entry of SMAD2/3 protein into the nucleus by immunofluores-
cence, which demonstrated that apigenin could inhibit the TGFp/
SMADs pathway.

5 | CONCLUSION

Apigenin inhibits fibrous scar formation after SCI by decreasing the
expression of fibrosis-related factors through the TGFB/SMADs
signaling pathway.

AUTHOR CONTRIBUTIONS

JZ helped with cell culture, animal experiments, Western blotting
and real-time polymerase chain reaction experiments; analyzed the
data; and wrote the manuscript. TL participated in the study de-
sign and manuscript revision. KJ helped with cell culture and animal



JIN ET AL.

CN'S Neuroscience & Therapeutics

modeling and analyzed the data. DH helped with immunofluores-
cence and immunohistochemistry experiments and analyzed the
data. ZY and HN helped with H&E staining experiments. ZX helped
with real-time polymerase chain reaction. NB helped with the study,
analyzed the data, and wrote the manuscript. All authors approved
the final version of the manuscript.

ACKNOWLEDGEMENTS

We are most grateful to the National Natural Science Fund of
China (Nos. 81771346, 82071383), Natural Science Foundation of
Shandong Province (Key Project) (Nos. ZR2020KH0OQ7), the Taishan
Scholar Youth Program of Shandong Province (tsqn201812156), and
Academic Promotion Program of Shandong First Medical University
(2019QL025, 2019RC021), for providing funding support to our

experiments.

CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made
available by the authors. Further inquiries can be directed to the cor-

responding author/s.

ORCID
Bin Ning "= https://orcid.org/0000-0002-7592-9485
REFERENCES

1. McDonald JW, Sadowsky C.
2002;359(9304):417-425.

2. Wu D, Klaw MC, Connors T, Kholodilov N, Burke RE, Tom
VJ. Expressing constitutively active RHEB in adult neurons
after a complete spinal cord injury enhances axonal regener-
ation beyond a chondroitinase-treated glial scar. J Neurosci.
2015;35(31):11068-11080.

3. Tsata V, Mollmert S, Schweitzer C, et al. A switch in pdgfrb(+)
cell-derived ECM composition prevents inhibitory scarring and
promotes axon regeneration in the zebrafish spinal cord. Dev Cell.
2021;56(4):509, e509-524.

4. Bradbury EJ, Burnside ER. Moving beyond the glial scar for spinal
cord repair. Nat Commun. 2019;10(1):3879.

5. Dias DO, Goritz C. Fibrotic scarring following lesions to the central
nervous system. Matrix Biol. 2018;68, 69:561-570.

6. Schmierer B, Hill CS. TGFbeta-SMAD signal transduction: mo-
lecular specificity and functional flexibility. Nat Rev Mol Cell Biol.
2007;8(12):970-982.

7. WangW, LiuR, SuY, Li H, Xie W, Ning B. MicroRNA-21-5p mediates
TGF-beta-regulated fibrogenic activation of spinal fibroblasts and
the formation of fibrotic scars after spinal cord injury. Int J Biol Sci.
2018;14(2):178-188.

8. MadunicJ, Madunic IV, Gajski G, Popic J, Garaj-Vrhovac V. Apigenin:
a dietary flavonoid with diverse anticancer properties. Cancer Lett.
2018;413:11-22.

9. Zhou Q, Cheng KW, Gong J, Li ETS, Wang M. Apigenin and
its methylglyoxal-adduct inhibit advanced glycation end

Spinal-cord injury. Lancet.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

—Wl LEY&

products-induced oxidative stress and inflammation in endothelial
cells. Biochem Pharmacol. 2019;166:231-241.

Ginwala R, Bhavsar R, Moore P, et al. Apigenin modulates dendritic
cell activities and curbs inflammation via RelB inhibition in the con-
text of neuroinflammatory diseases. J Neuroimmune Pharmacol.
2021;16(2):403-424.

Chien MH, Lin YW, Wen YC, et al. Targeting the SPOCK1-snail/slug
axis-mediated epithelial-to-mesenchymal transition by apigenin
contributes to repression of prostate cancer metastasis. J Exp Clin
Cancer Res. 2019;38(1):246.

Hu XW, Meng D, Fang J. Apigenin inhibited migration and invasion
of human ovarian cancer A2780 cells through focal adhesion ki-
nase. Carcinogenesis. 2008;29(12):2369-2376.

Sudhakaran M, Parra MR, Stoub H, Gallo KA, Doseff Al. Apigenin by
targeting hnRNPA2 sensitizes triple-negative breast cancer spher-
oids to doxorubicin-induced apoptosis and regulates expression of
ABCC4 and ABCG2 drug efflux transporters. Biochem Pharmacol.
2020;182:114259.

Chang JH, Cheng CW, Yang YC, et al. Downregulating CD26/DPPIV
by apigenin modulates the interplay between AKT and snail/slug
signaling to restrain metastasis of lung cancer with multiple EGFR
statuses. J Exp Clin Cancer Res. 2018;37(1):199.

Kim SM, Vetrivel P, Ha SE, Kim HH, Kim JA, Kim GS. Apigetrin in-
duces extrinsic apoptosis, autophagy and G2/M phase cell cycle
arrest through PIBK/AKT/mTOR pathway in AGS human gastric
cancer cell. J Nutr Biochem. 2020;83:108427.

Wang F, Fan K, Zhao Y, Xie ML. Apigenin attenuates TGF-betal-
stimulated cardiac fibroblast differentiation and extracellular ma-
trix production by targeting miR-155-5p/c-ski/Smad pathway. J
Ethnopharmacol. 2021;265:113195.

Hicks DF, Goossens N, Blas-Garcia A, et al. Transcriptome-based
repurposing of apigenin as a potential anti-fibrotic agent targeting
hepatic stellate cells. Sci Rep. 2017;7:42563.

Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-beta: the master reg-
ulator of fibrosis. Nat Rev Nephrol. 2016;12(6):325-338.

Sekhon LH, Fehlings MG. Epidemiology, demographics, and
pathophysiology of acute spinal cord injury. Spine (Phila Pa 1976).
2001;26(24 Suppl):S2-S12.

Anderson KD. Targeting recovery: priorities of the spinal cord-
injured population. J Neurotrauma. 2004;21(10):1371-1383.

Gupta R, Bathen ME, Smith JS, Levi AD, Bhatia NN, Steward
O. Advances in the management of spinal cord injury. J Am Acad
Orthop Surg. 2010;18(4):210-222.

Ren Y, Young W. Managing inflammation after spinal cord in-
jury through manipulation of macrophage function. Neural Plast.
2013;2013:1, 945034-9.

Anderson MA, Burda JE, Ren Y, et al. Astrocyte scar forma-
tion aids central nervous system axon regeneration. Nature.
2016;532(7598):195-200.

Noble M, Fok-Seang J, Cohen J. Glia are a unique substrate for
the in vitro growth of central nervous system neurons. J Neurosci.
1984;4(7):1892-1903.

Rudge JS, Silver J. Inhibition of neurite outgrowth on astroglial
scars in vitro. J Neurosci. 1990;10(11):3594-3603.

Vogelaar CF, Konig B, Krafft S, et al. Pharmacological suppression of
CNS scarring by deferoxamine reduces lesion volume and increases
regeneration in an in vitro model for astroglial-fibrotic scarring and
in rat spinal cord injury in vivo. PLoS One. 2015;10(7):e0134371.
Zhu Y, Soderblom C, Krishnan V, Ashbaugh J, Bethea JR, Lee JK.
Hematogenous macrophage depletion reduces the fibrotic scar
and increases axonal growth after spinal cord injury. Neurobiol Dis.
2015;74:114-125.

Chapela D, Sousa S, Martins |, et al. A zebrafish drug screening
platform boosts the discovery of novel therapeutics for spinal cord
injury in mammals. Sci Rep. 2019;9(1):10475.



https://orcid.org/0000-0002-7592-9485
https://orcid.org/0000-0002-7592-9485

1894
_I_WI LEY_ CN'S Neuroscience & Therapeutics

JIN ET AL.

29. Boche D, Cunningham C, Gauldie J, Perry VH. Transforming growth
factor-beta 1-mediated neuroprotection against excitotoxic injury
in vivo. J Cereb Blood Flow Metab. 2003;23(10):1174-1182.

30. Makwana M, Jones LL, Cuthill D, et al. Endogenous transforming
growth factor beta 1 suppresses inflammation and promotes sur-
vival in adult CNS. J Neurosci. 2007;27(42):11201-11213.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Jin Z, Tian L, Zhang Y, et al. Apigenin
inhibits fibrous scar formation after acute spinal cord injury
through TGFB/SMADs signaling pathway. CNS Neurosci Ther.
2022;28:1883-1894. doi: 10.1111/cns.13929


https://doi.org/10.1111/cns.13929

	Apigenin inhibits fibrous scar formation after acute spinal cord injury through TGFβ/SMADs signaling pathway
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Chemicals
	2.2|Cell culture
	2.3|Cell counting kit-­8 (CCK-­8) assay
	2.4|Animals
	2.5|SCI model establishment
	2.6|BMS score assessment
	2.7|qRT-­PCR
	2.8|Western blotting
	2.9|Hematoxylin and eosin staining (H&E staining)
	2.10|Immunofluorescence staining and immunohistochemical staining
	2.11|Statistical analysis

	3|RESULTS
	3.1|Effects of different concentrations of apigenin on NIH-­3 T3 cells
	3.2|Apigenin inhibits fibrosis expression induced by TGFβ in NIH-­3 T3 cells
	3.3|Apigenin inhibits the activation of primary mouse spinal cord fibroblasts
	3.4|Apigenin promotes recovery and alleviates scar formation after spinal cord injury in mice
	3.5|Apigenin inhibits TGFβ/SMADs pathway activity

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ReferenceS


