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Abstract

Background: Fibrous scar formation significantly inhibits axonal regeneration and functional recovery following spinal cord injury
(SCI). Atractylodin (ATD), an active constituent of traditional Chinese medicine, exhibits broad pharmacological properties, including
anti-inflammatory and anti-fibrotic effects. Nevertheless, the potential therapeutic role of ATD in SCI and its underlying molecular
mechanisms remain to be fully elucidated. Methods: An SCI model was established in C57 mice. Motor function was assessed using
the Basso Mouse Scale scoring system, inclined plane test, swimming test, and footprint analysis. Immunohistochemical staining was
performed to evaluate fibrotic scar formation and neuronal survival. Western blotting and quantitative real-time PCR (qPCR) were also
employed to investigate the molecular mechanisms underlying ATD-mediated regulation of fibroblasts following SCI. Results: ATD
administration significantly enhanced motor function in SCI mice, reduced the area of fibrotic scars, and suppressed the expression
of fibrotic markers. Mechanistically, ATD inhibited Mothers Against Decapentaplegic Homolog 2/3 (SMAD2/3) phosphorylation and
nuclear translocation, thereby suppressing fibroblast activation and extracellular matrix deposition, while promoting neuronal survival
and axonal regeneration. Conclusions: ATD mitigates fibrotic scar formation by targeting the Transforming Growth Factor Beta (TGF-
B)/SMAD pathway, thereby facilitating axonal regeneration and functional recovery. This offers a promising therapeutic strategy for

SCIL.

Keywords: spinal cord injuries; atractylodin; fibrosis; transforming growth factor beta; smad proteins

1. Introduction

Spinal cord injury (SCI) is a profoundly disabling con-
dition characterized by acute onset and catastrophic out-
comes. Its clinical refractoriness creates a significant bur-
den for patients, their families, and society at large [1]. Cur-
rently, no efficacious treatment is available for SCI [2].
In the acute stage, extensive neuronal death at the lesion
epicenter triggers microglial/macrophage recruitment [3,4].
These cells engulf cellular debris, secrete numerous cy-
tokines and inflammatory mediators, and recruit astrocytes
and fibroblasts to participate in the subsequent repair pro-
cess [5-7]. This cascade establishes an inflammatory mi-
croenvironment at the injury site. As astrocytes and fibrob-
lasts undergo reactive activation, they secrete substantial
amounts of chondroitin sulfate proteoglycans (CSPGs) and
extracellular matrix (ECM) proteins, resulting in the forma-
tion of dense fibrous and glial scars at the periphery of the
lesion [8—10]. These scars significantly impede axonal re-
generation and functional recovery. While fibrotic scar for-
mation may have a protective role, it is increasingly recog-

nized that excessive deposition after SCI is ultimately detri-
mental. Therefore, its moderate inhibition is considered a
promising strategy to support neural repair and functional
restoration [11,12]. Therefore, targeting fibrotic scar for-
mation after SCI may represent an effective strategy to re-
duce neuron death and promote axon regeneration and func-
tional recovery.

The Transforming Growth Factor Beta/Mothers
Against Decapentaplegic Homolog (TGF-3/SMAD:s)
signaling pathway serves as a central regulator in the de-
velopment of tissue fibrosis and is extensively implicated
in key pathological processes, including ECM remod-
eling, fibroblast activation, and fibrotic scar formation
[13-15]. Upon binding to its receptor, TGF-3 activates
transmembrane serine/threonine kinase receptors, leading
to the phosphorylation of SMAD2/3. It interacts with
SMAD#4 to assemble a transcriptional regulator complex.
This complex then enters the nucleus, where it directly
modulates the expression of key fibrosis-related genes,
including those encoding collagen, fibronectin, and a-
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smooth muscle actin (a-SMA) [16,17]. Dysregulation of
this pathway is a key driver of progressive tissue sclerosis
in diverse fibrotic diseases, including those affecting the
liver, lungs, and kidneys [18-20]. Following SCI, signif-
icantly upregulated expression of TGF-81 occurs in the
local microenvironment, which promotes the phenotypic
transition of spinal cord fibroblasts toward a pro-fibrotic
state through activation of the SMADs signaling cascade.
Concurrently, TGF-81 suppresses the activity of matrix
metalloproteinase (MMP) and upregulates the expression
of tissue inhibitors of metalloproteinases (TIMPs), result-
ing in excessive ECM accumulation and the formation of
a dense, fibrotic scar barrier [21,22]. This pathological
structure impedes axonal regeneration and actively sup-
presses neural repair through both physical and chemical
barrier mechanisms. Therefore, targeted modulation of the
TGF-B/SMADs signaling pathway represents a promising
therapeutic strategy to attenuate fibrotic scar formation
following SCI and facilitate nerve regeneration.

Atractylodin (ATD) is a polyacetylene compound ex-
tracted from the dried rhizome of Atractylodes lancea or
Atractylodes chinensis, which are members of the Aster-
aceae family in traditional Chinese medicine [23]. ATD
has important and extensive pharmacological effects. It has
been found to play an anti-inflammatory role by inhibiting
pro-inflammatory factors and the NF-xB pathway, thereby
improving intestinal inflammation [24,25]. In addition,
ATD can activate the AMPK/SIRT]1 signaling pathway, en-
hance autophagy and inhibit IL-15-induced apoptosis of
chondrocytes, thus delaying the progression of osteoarthri-
tis [26]. In the field of metabolic diseases, ATD can signif-
icantly reduce lipid deposition by promoting the browning
of white adipocytes and up-regulating the expression of un-
coupling protein 1 (UCP1). ATD offers therapeutic poten-
tial for obesity, type 2 diabetes and non-alcoholic fatty liver
disease [27-29]. Recent studies have also demonstrated the
value of ATD in the prevention of pulmonary fibrosis by
stabilizing vimentin and inhibiting the recycling of TGF-51
[30]. Although ATD has a variety of biological activities,
its therapeutic effect on SCI has not been studied, and the
specific mechanism is unclear.

Therefore, we sought to determine if ATD-mediated
inhibition of fibrous scar formation enhances neurological
recovery in a mouse model of SCI and, further, to uncover
the mechanistic basis of this effect through in vitro experi-
ments. We hypothesized that ATD reduces the formation of
fibrous scar tissue after SCI by inhibiting TGF-3/SMADs
signaling. This study provides evidence that ATD is a safe
and promising therapeutic agent for the clinical treatment
of SCL.

2. Methods and Materials
2.1 Animals

Female C57BL/6 mice (8-10 weeks old, 20-22 g
weight) were supplied by the Animal Center of Anhui Med-

ical University, China. The animals were acclimatized
and housed under standard specific pathogen-free condi-
tions (22 °C, 30-50% humidity, 12-h light/dark cycle; 4
mice/cage) with free access to food and water. After final
assessments, all mice were humanely euthanized with car-
bon dioxide. Animal surgeries were performed under the
same approved protocol as a prior study investigating a dif-
ferent therapeutic compound and mechanism.

2.2 Establishment of the SCI Model and ATD Treatment

Mice were randomly assigned to the sham operation
group, vehicle group, or ATD treatment group. SCI was
induced using a severe compression model. Briefly, af-
ter anesthesia induction with intraperitoneal 1% pentobar-
bital sodium (MERCK, Rahway, NJ, USA, CAS:57-33-
0), mice underwent a T9—T10 laminectomy to expose the
spinal cord. The exposed cord was then subjected to a 5-
second compression using a calibrated Dumont #5 forceps
(Fine Science Tools, Heidelberg, Germany, Cat1125220).
The muscle and skin layers were then sutured sequen-
tially. Postoperatively, all mice received antibiotic treat-
ment to prevent infection and manual bladder expression
twice daily until spontaneous urination was restored. Mice
in the sham group underwent a laminectomy without spinal
cord compression. The ATD treatment group received daily
intraperitoneal injections of 20 or 40 mg/kg ATD (MCE,
New Jersey, USA, HY-N0238) starting immediately after
injury and continuing until day 7 post-injury. The vehicle
group received an equivalent volume of the solvent to con-
trol for potential solvent-related effects. All surgical proce-
dures were performed by a single, experienced, and inde-
pendent surgeon to ensure consistency and minimize pro-
cedural variability.

2.3 Motor Function Score

Hindlimb motor function was assessed using the
Basso Mouse Scale (BMS) score, the slant board test and
footmark analysis test, as described previously. Mice were
placed in an open field, and their hind limb movement was
observed before operation and at 1, 3,7, 14, 21, and 28 days
post-injury (dpi). The footprint analysis test was conducted
at 28 dpi to further evaluate the recovery of motor function.
The front and back paws were soaked in green and red dyes,
respectively, and the animals were placed on white paper to
walk. All assessments were conducted in a blinded fashion
by two independent, experienced investigators to ensure ob-
jectivity.

2.4 H&E and Nissl Staining

After the accomplishment of the necessary assess-
ments, all mice were euthanized using carbon dioxide. The
flow rate of CO: should be controlled at 50% of the vol-
ume of the euthanasia chamber per minute. The animals
should be exposed to CO: for at least 5 minutes. Mice
were transcardially perfused with 0.9% saline and then
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4% paraformaldehyde (PFA) (Servicebio, Wuhan, Hubei,
China, G1101). The spinal cord segment encompassing the
injury epicenter was dissected and post-fixed overnight in
4% PFA at 4 °C. After sucrose gradient cryoprotection, the
specimens were embedded in paraffin wax. Subsequently,
longitudinal sections were cut at 5 pm for the following
histological analyses. For hematoxylin and eosin (H&E)
staining, sections first underwent hematoxylin staining for 5
minutes, were sequentially rinsed with double-distilled wa-
ter, and were then subjected to eosin counterstaining for 1
minute. Digital images were acquired under a light micro-
scope. Sections designated for Nissl staining were stained
using a Nissl stain solution (Beyotime, Shanghai, China,
C0117) at37 °C for a duration of 10 minutes, briefly washed
with double-distilled water, differentiated with 95% ethanol
for 5 seconds, and then dehydrated and cleared as appropri-
ate. Representative images were captured using a light mi-
croscope VS200 Panoramic Tissue Quantitative Analysis
System (OLYMPUS, Tokyo, Japan, VS200). Positive Nissl
staining was identified by the presence of distinct, dark pur-
ple granules (Nissl bodies) within the neuronal cytoplasm.
Viable motor neurons with large, clear nuclei and rich Nissl
substance were counted.

2.5 Immunofluorescence Staining

For immunofluorescence, mice were transcardially
perfused with 4% paraformaldehyde, and the spinal cord
tissues were harvested and processed for paraffin embed-
ding. Prior to staining, the sections underwent deparaf-
finization in xylene and sequential rehydration through
a graded alcohol series to aqueous conditions. Anti-
gen retrieval was performed using citrate buffer (pH 6.0),
followed by blocking with 5% bovine serum albumin
(BSA) (Servicebio,Wuhan, Hubei, China, GC305010) in
phosphate-buffered saline (PBS) for 1 h at room temper-
ature to reduce nonspecific binding. To label astrocytes
and neurons, sections were incubated overnight at 4 °C
with rabbit anti-Glial Fibrillary Acidic Protein (GFAP)
antibody (1:1000; Abcam, Cambridge Biomedical Cam-
pus, Cambridge, UK, ab68428) and rabbit anti-TUJ1 an-
tibody (1:1000; Abcam, ab18207), respectively. Sections
then received fluorescent secondary antibodies for detec-
tion: green-fluorescent Alexa Fluor 488 goat anti-rabbit Ig
(Gat 1:50 from Elabscience, Wuhan, Hubei, China, E-AB-
1055) and red-fluorescent Cy3 goat anti-mouse IgG (Gat
1:50 from Elabscience, E-AB-1011). Nuclei were counter-
stained with 4/,6-diamidino-2-phenylindole (DAPI) (Bey-
otime, Shanghai, China, PO131) Fluorescent signals were
visualized and images captured using a Leica DM-6B flu-
orescence microscope (Leica, Wetzlar, Hesse, Germany,
DM-6B). For quantification of positive cells or stained ar-
eas, digital images were analyzed using Image] software
(1.54r, NIH, Bethesda, MD, USA). Quantification data are
presented as mean + Standard Deviation (SD) (n = 6 mice
per group). For each animal, three non-adjacent sections
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were analyzed, and from each section, three random fields
within the lesion border zone were quantified and averaged.

2.6 TUNEL Staining

Mice were transcardially perfused for tissue fixa-
tion, and paraffin-embedded tissue sections were subse-
quently prepared. Tissue sections were deparaffinized and
rehydrated through a xylene-alcohol series, followed by
antigen retrieval in citrate buffer. Subsequently, nonspe-
cific binding was blocked by incubation with 5% BSA
for 1 hour at room temperature. Apoptosis was then as-
sessed by terminal deoxynucleotidyl transferase-mediated
2’-Deoxyuridine-5’-Triphosphate (dUTP) nick-end label-
ing (TUNEL) staining, which was carried out accordingly
to the manufacturer’s instructions (Beyotime, C1089).

2.7 Cell Culture and Processing

Primary fibroblasts derived from mouse spinal cord
were acquired from Procell. Cells were expanded in
the provided complete growth medium (Procell, Wuhan,
Hubei, China, CM-M162) according to the supplier’s in-
structions. All cultures were kept in a humidified incuba-
tor at 37 °C with 5% COs. Primary fibroblasts were char-
acterized by vimentin immunofluorescence staining, con-
firming a purity of >90%. The cells were confirmed to
be free of contamination from human immunodeficiency
virus type 1 (HIV-1), hepatitis B virus (HBV), hepatitis
C virus (HCV), mycoplasma, as well as bacterial, fungal,
and yeast pathogens. Cells were pretreated with ATD at
a concentration of 100 uM for 24 h, with the compound
dissolved in 0.1% Dimethyl Sulfoxide (DMSO) as vehi-
cle control. Subsequently, fibroblasts were stimulated with
TGF-$ (100 ng/mL, MedChemExpress, Monmouth Junc-
tion, NJ, USA, HY-P70648) for an additional 24 h to induce
activation.

2.8 CCK-8 Analysis

We seeded the fibroblasts into 96-well plates (5 x
102 cells in 100 pL per well) and cultured them for 24 h
at 37 °C in a humidified 5% CO- atmosphere. Follow-
ing drug treatment, 10 uL. of CCK-8 solution (Beyotime,
Shanghai, China, C0037) was added to each well, and the
cells were further incubated for 2 h. Following incuba-
tion, the optical density at 450 nm was recorded using a
LUX multimodal microplate reader (Thermo Fisher Scien-
tific, Waltham, MA, USA, VLBL0O0GD2). Cell viability
was then expressed as a percentage relative to the control
groups.

2.9 Western Blot

For Western blot analysis, proteins were extracted
from cells or tissue samples using RIPA lysis buffer (Be-
yotime, PO013B). Following lysis, the protein concen-
tration was quantified with a BCA assay kit (Beyotime,
P0010) prior to further processing. After separation by
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SDS-PAGE (20 pg protein per lane) and transfer to PVDF
membranes, the membranes were incubated in a block-
ing buffer (5% non-fat milk in Tris-Buffered Saline with
Tween® 20 (TBST) (Servicebio, Wuhan, Hubei, China,
G0001)) for 2 h at room temperature. This was followed
by an overnight incubation at 4 °C with the respective
primary antibodies. Membranes then received incuba-
tion with the appropriate HRP-conjugated secondary an-
tibodies for 2 hours at room temperature. Detailed in-
formation for all antibodies involved in WB: FN (1:1000,
Immunoway, SuZhou, JiangSu, China, YM8309), Col-
lagen (1:1000, Immunoway, YT6135), a-SMA (1:1000,
Immunoway, YM8040), GAPDH (1:1000, Immunoway,
YM8016), TGF-5 (1:1000, Immunoway, YM8257), P-
SMAD2/3 (1:1000, Immunoway, YM8550), SMAD2/3
(1:1000, Immunoway, YT4332), SMAD4 (1:1000, Im-
munoway, YMS8370), SMAD7 (1:1000, Immunoway,
YN2330), Goat Anti Rabbit IgG(H+L) (HRP) (1:10,000,
Immunoway, RS0002). Immunoreactive bands were de-
tected using WesternBright ECL HRP substrate (Advansta,
San Jose, CA, USA, K-12045-D20) at room temperature.
To quantify protein expression, the optical density of each
band was measured using ImageJ and normalized to its cor-
responding loading control.

2.10 Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-qPCR)

At 14 days post-injury, mice were perfused, and a 5-
mm segment of spinal cord tissue centered precisely on the
injury epicenter was dissected under a surgical microscope.
This segment, encompassing the primary lesion and peri-
lesion area, was immediately snap-frozen for subsequent
total RNA extraction. RNA was extracted from tissues,
cells, and exosomes with TRIzol reagent (Gibco, Grand Is-
land, NY, USA, 15596026CN). For cDNA synthesis, the
Superscript III RT Reaction Mix (Invitrogen, Carlsbad, CA,
USA, 18080085) was used. Quantitative PCR was per-
formed with SYBR Green PCR Master Mix on a 7900 Fast
Real-Time PCR System (7900, Applied Biosystems, Foster
City, CA, USA). Relative gene expression was determined
by normalizing to GAPDH and applying the 2~24€T cal-
culation. The primer sequences were listed below:

Fn: 5'-CCATTCCACCTTACAACAC-3', 5'-
CAAGCCAGACACAACAAT-3;

Collal: 5-GTGAGACAGGCGAACAAG-3', 5'—
CCAGGAGAACCAGGAGAA-3/;

GAPDH: 5-TGTCTCCTGCGACTTCAACA-3', 5'—
GGTGGTCCAGGGTTTCTTACT-3".

2.11 Statistical Analyses

All statistical analyses were performed with SPSS
(version 16.0; IBM, Chicago, IL, USA) and GraphPad
Prism (version 8.0, GraphPad Software, Boston, MA,
USA). Quantitative data are expressed as means + SD. Dif-
ferences were considered statistically significant based on

a two-tailed Student’s z-test (for two-group comparisons)
or one-way ANOVA with Tukey’s post hoc test (for multi-
group comparisons), as appropriate. For non-parametric
data, the Mann—Whitney U test (two-group comparison)
or Kruskal-Wallis test with Dunn’s post hoc test (multiple
comparisons) was used. A p-value < 0.05 was defined as
the threshold for statistical significance.

3. Results

3.1 ATD Promotes the Recovery of Motor Function After
SCI

To evaluate the therapeutic efficacy of ATD after
SCI, mice underwent surgical induction of SCI followed
by intraperitoneal administration of ATD post-operation
(Fig. 1A). A series of behavioral assessments were sub-
sequently performed to evaluate functional recovery, with
the experimental timeline summarized in Fig. 1B. Recov-
ery of motor function represents a critical endpoint for as-
sessing therapeutic outcomes. Therefore, locomotor per-
formance was systematically evaluated using the Basso
Mouse Scale (BMS) at multiple time points post-injury.
Mice in the ATD-treated groups exhibited significantly im-
proved motor function starting on day 14 after SCI, with the
most pronounced recovery observed in the high-dose group
(Fig. 1C,D). Consistent with these findings, swimming test
results demonstrated enhanced hindlimb motor coordina-
tion and propulsion in the ATD treatment groups compared
to the vehicle group, particularly in the high-dose cohort
(Fig. 1E,F). Footprint analysis confirmed that ATD treat-
ment led to improved gait symmetry and stride patterns,
indicating enhanced functional recovery of both hindlimbs
(Fig. 1G-I). Collectively, these data demonstrate that ATD
promotes robust recovery of motor function following SCI
in mice.

3.2 ATD Inhibits Fibrous Scar Formation After SCI

Following SCI, astrocytes and fibroblasts collaborate
to form a dense glial-fibrotic scar surrounding the lesion
core, which acts as a major barrier to axonal regenera-
tion. This study further investigated the impact of ATD
on glial-fibrotic scar formation after SCI (Fig. 2A). Quan-
titative real-time PCR (qPCR) analysis revealed that ATD
treatment significantly downregulated the mRNA expres-
sion levels of key fibrosis-related markers, Fn and Collal,
with a clear dose-dependent effect (Fig. 2B,C). Immunoflu-
orescence staining demonstrated that at 14 dpi, ATD ad-
ministration markedly reduced the protein expression of fi-
brotic components including FN, Collagen, and a-smooth
muscle actin (a-SMA), along with a significant decrease
in the fibroblast-specific marker PDGFRS (Fig. 2D—K).
Furthermore, fluorescence-based analysis at 28 days post-
treatment showed substantially lower fibronectin expres-
sion and a reduced area of fibrotic scarring in the ATD-
treated groups (Fig. 2L,M). Compared to the vehicle control
group, ATD treatment significantly diminished the GFAP-
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Fig. 1. Atractylodin significantly improve the motor function of mice after SCI. (A) Chemical structure of ATD. (B) Schematic

representation of the timeline for behavioral experiments conducted at various time points following SCI. (C) Results from the BMS test

showing the recovery of hindlimb motor function after SCI (n = 12 animals per group). (D) Results from the Santing board test showing

recovery of hindlimb motor function after SCI (n = 6 in each group). (E,F) Results from the swimming test showing recovery of hindlimb

motor function after SCI (n = 6 in each group). (G-I) Results from footprint analysis showing the recovery of hindlimb motor function
after SCI (n = 6 in each group). Data shown are the mean = SEM, *p < 0.05, **p < 0.01, ***p < 0.001. SCI, spinal cord injury; ATD,
atractylodin; BMS, Basso Mouse Scale; SEM, Standard Error of the Mean.

positive glial scar region at 28 dpi. Notably, the structural
integrity of the glial-fibrous scar interface was disrupted,
with loss of tight apposition between glial and fibrotic com-
partments, indicating impaired scar continuity (Fig. 2L,N).
Collectively, these findings demonstrate that ATD effec-
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tively narrows the spatial extent of the glial-fibrotic scar
boundary and reduces the overall scar volume after SCI,
thereby creating a more permissive microenvironment for
axonal regrowth. Moreover, histopathological evaluation
by H&E staining revealed no apparent abnormalities in vital
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Fig. 2. Atractylodin inhibits fibrous scar formation following SCI. (A) Schematic illustration of fibrous glial scar formation in the
injured spinal cord of mice following SCI modeling. (B) Quantitative gene expression analysis of Fn at the lesion center in the Vehicle,
ATD20, and ATD40 groups at 14 dpi (n = 6 animals per group). (C) Quantitative gene expression analysis of Collal at the lesion
center in the Vehicle, ATD20, and ATD40 groups 14 days after SCI (n = 6 animals per group). (D,E) Immunofluorescence staining and
quantitative assessment of FN distribution around the injury site in the Vehicle, ATD20, and ATD40 groups at 14 dpi (n = 6 animals
per group; scale bar = 100 um). (F,G) Immunofluorescence staining and quantitative analysis of collagen deposition around the injury
site in the three experimental groups at 14 dpi (G) (n = 6 animals per group; scale bar = 100 um). (H,I) Immunofluorescence staining
and quantification of a-SMA expression around the injury region in the Vehicle, ATD20, and ATD40 groups at 14 dpi (n = 6 animals
per group; scale bar = 500 pum, enlarged view scale bar = 50 um). (J,K) Immunofluorescence staining and quantitative evaluation of
PDGFRS in peri-lesion areas of all groups at 14 dpi (n = 6 animals per group; scale bar = 500 um, enlarged view scale bar = 50 pm). (L—
N) Immunofluorescence staining and quantitative analysis of LAMININ and GFAP-positive areas around the injury site in the Vehicle,
ATD20, and ATDA40 groups at 28 dpi (n = 6 animals per group; scale bar = 500 pm, enlarged view scale bar = 100 um). Data shown are
the mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3. Atractylodin exhibits favorable biocompatibility ir vivo. (A-E) Histopathological analysis (H&E staining) of major organs
was performed on day 28 after SCI. No significant pathological alterations were observed in the heart (A), lungs (B), liver (C), kidneys
(D), or spleen (E) across the sham, Vehicle, ATD20, and ATD40 groups. All tissue sections displayed normal architecture and cellular
morphology, with no signs of inflammation, necrosis, or tissue damage (n = 6 animals per group; scale bar = 100 pm). (F-I) Evaluation
of systemic biosafety via serum biochemistry. At 7 days post-injury, key markers for hepatic and renal function were measured. Serum
levels of (F) alanine aminotransferase (ALT), (G) aspartate aminotransferase (AST), (H) blood urea nitrogen (BUN), and (I) creatinine

(CRE) showed no significant differences among the sham, Vehicle, ATD20, and ATD40 groups (n = 6 animals per group). ns p > 0.05.

organs, including the heart, liver, spleen, lung, and kidney,
after 28 days of ATD treatment (Fig. 3A—E), suggesting a
favorable safety profile under the experimental conditions
used. To comprehensively evaluate the in vivo biosafety of
ATD, we performed serum biochemical analysis on blood
samples collected at 7 dpi. Key markers of hepatic and
renal function—alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and
creatinine (CRE)—were quantified across all experimen-
tal groups (Fig. 3F-I). Compared to the Sham group, the
SCI+Vehicle group showed no significant increase in any
of these markers, indicating that the injury itself did not in-
duce overt hepatic or renal dysfunction at this time point.
Crucially, mice treated with either dose of ATD (20 or 40
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mg/kg) exhibited serum levels of ALT, AST, CRE, and
BUN that were statistically indistinguishable from both the
Sham and SCI+Vehicle controls (Fig. 3F-I). All measured
values remained within established normal physiological
ranges. These data demonstrate that ATD administration
at the therapeutic doses used in this study did not elicit de-
tectable hepatotoxicity or nephrotoxicity.

3.3 ATD Can Reduce Neuronal Apoptosis and Promote
Axonal Repair After SCI

We investigated the effects of ATD on the dynamic
regulation of neurons and axons following SCI. H&E stain-
ing and Nissl staining were performed on spinal cord tis-
sue sections to assess structural integrity and neuronal mor-
phological changes after injury. The results revealed exten-
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sive neuron loss and cavity formation at the lesion epicen-
ter in SCI mice. The Vehicle group displayed characteris-
tic features of severe neurodegeneration, such as neuronal
pyknosis, Nissl body disintegration, and nuclear dissolu-
tion. These pathological features were substantially allevi-
ated by ATD treatment (Fig. 4A-D). Next, TUNEL staining
combined with NeuN immunofluorescence was conducted
to evaluate neuronal apoptosis and survival. In the sham
group, neurons were regularly aligned and showed mini-
mal apoptotic activity. In stark contrast, the SCI group
suffered substantial neuronal loss, disorganized cytoarchi-
tecture, and extensive apoptosis. However, ATD treatment
markedly increased the number of surviving NeuN-positive
neurons in the peri-lesion areas (Z1-Z3) compared to the
Vehicle group (Fig. 4E-H). Collectively, these results in-
dicate that ATD potently inhibits neuronal apoptosis and
promotes neuronal survival following SCI. To investigate
whether ATD further contributes to axonal regeneration by
attenuating fibrotic scarring, we performed immunofluores-
cence staining for TUJ1 and NF at 28 dpi. Quantitative
analysis revealed that four weeks of ATD treatment signifi-
cantly expanded the area of TUJ1-positive labeling relative
to the Vehicle group (Fig. 41,J), implying the promotion of
axonal sprouting. Furthermore, the ATD group exhibited a
marked increase in the number of NF-positive axons pen-
etrating the lesion core (Fig. 4K,L), indicating successful
axonal regeneration across the scar boundary.

3.4 ATD Inhibited TGF-B-Induced Fibrogenesis in
Fibroblasts

To investigate the anti-fibrotic effects of ATD on
spinal cord fibroblasts, we first confirmed its biocompati-
bility. The CCK-8 assay revealed no significant cytotoxic-
ity at a concentration of 100 uM (Fig. 5A). We then mod-
eled fibrotic activation using TGF-3 stimulation. While
TGF- significantly upregulated the mRNA expression of
the key fibrosis-related genes Frn and Collal, ATD treat-
ment effectively suppressed this induction (Fig. 5B,C).
At the protein level, Western blot analysis confirmed that
TGF-/ markedly increased the expression of FN, Collal,
and a-SMA, all of which were suppressed by ATD in a
concentration-dependent manner (Fig. 5D—G). For all orig-
inal Western blot figures of Fig. 5D, see Supplementary
Material. Consistent with these findings, immunofluores-
cence staining demonstrated that TGF-43 induced robust fi-
broblast activation, characterized by increased a-SMA ex-
pression and cytoskeletal reorganization, which are hall-
mark features of myofibroblast differentiation. This pro-
fibrotic response was substantially attenuated by ATD treat-
ment, as evidenced by reduced a-SMA signal intensity
(Fig. 5H,I). Taken together, these findings demonstrate that
ATD effectively inhibits TGF-S-induced fibrotic activation
of spinal cord fibroblasts.
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3.5 ATD Inhibits TGF-5/SMAD Signaling in Fibroblasts

Following SCI, TGF-3 promotes the formation of
fibrosis through activation of both canonical SMAD-
dependent and non-canonical signaling pathways. In
this study, TGF-$ stimulation was found to significantly
increase the phosphorylation of SMAD2/3 in fibrob-
lasts. ATD treatment markedly suppressed TGF-$-induced
SMAD?2/3 phosphorylation in a concentration-dependent
manner (Fig. 6A—C). Within the TGF-3/SMAD signaling
cascade, SMAD4 acts as a central mediator and SMAD7
functions as an inhibitory regulator of SMAD2/3 activity.
Therefore, we examined the expression levels of SMAD4
and SMAD?7 following ATD treatment. ATD significantly
reduced SMAD4 protein expression, while having no sig-
nificant effect on SMAD7 protein (Fig. 6D—G). For all orig-
inal Western blot figures of Fig. 6A,D,F, see Supplemen-
tary Material. These results indicate that ATD attenuates
the fibrotic activation of fibroblasts primarily by suppress-
ing the canonical TGF-3/SMAD pathway.

4. Discussion

This study employed a well-established mouse model
of SCI to systematically investigate the inhibitory effect
of ATD on fibrotic scar formation, as well as the underly-
ing mechanisms. /n vivo, intraperitoneal administration of
ATD significantly reduced the fibrotic scar area at the lesion
site, suppressed the expression of glial scar and fibrosis-
related markers, and promoted the recovery of hindlimb
motor function in mice. In vitro, ATD effectively inhibited
TGF-fp—induced activation of spinal fibroblasts, downreg-
ulated the expression of @-SMA and Collal, and blocked
the fibrotic cascade by suppressing SMAD2/3 phosphory-
lation in the TGF-8/SMAD signaling pathway. To the best
of our knowledge, this is the first study to demonstrate that
ATD attenuates fibrotic scar formation after SCI through di-
rect targeting of the TGF-5/SMADs pathway. Our findings
suggest a potential novel therapeutic target and provide ro-
bust experimental evidence for the clinical management of
SCIL

Fibrotic scar formation constitutes a dynamic and mul-
ticellular pathological process driven primarily by the aber-
rant activation of pro-fibrotic signaling within the injured
microenvironment following SCI. The acute injury phase
is characterized by widespread death of neuronal and glial
cells, thereby propagating the release of damage-associated
molecular patterns (DAMPs). These molecules recruit and
activate microglia/macrophages, prompting them to secrete
pro-inflammatory mediators such as TGF-g and PDGF,
which in turn drive the activation of astrocytes and fi-
broblasts [31-33]. Under sustained TGF-3 stimulation, fi-
broblasts undergo phenotypic transition characterized by a-
SMA expression and robust secretion of ECM components,
including type I collagen, fibronectin, and chondroitin sul-
fate proteoglycans (CSPGs). This ultimately leads to the
formation of a dense fibro-gliotic scar complex at the pe-


https://www.imrpress.com

A B C
150
.8 FEE 3 4
ns ; wx 5 *kk
9 g 6 5 3 *k *
.E 100 pie % %k k 5
> © I
= i 2 b
3 50 %2_ E 14 m
E s
0 1 1 1 m 0 1 1 1 1
0 T T T I T TGF-p - + + + TGF-p - + + +
Control 0.1 1 10 100 (pW) ATD 50 100 ATD - - 50 100
D E F
TGF-f - + + +
12 8
ATD - - 50 100 *kok
10+ *kk E 6 *kx
. = 7]
FN ’ « . 2 8 % *k ok
@)
s 6 * E 4
Collagen - Z 4 &
= =
S 2
24 O
a-SMA - s 0 0 ﬁ
I 1 1 I 1 1 1
TGF'ﬁ - + + + TGF‘B - + + +
GAPDH| 4 S & = ATD - 50 100 ATD - - 50 100
G H : ' Iz
G-SMA DAPT MERGE z
5 = £ 5
£ 3 *kok
T 4 KKk 5 §€ 4 _ kkE
E * * i 3 = z < sk *
< 3— 1% " 2 y 5 (3 3_
&) S : : e
= | : “ 9
S 27 ¥ v = S 27
wn 3 w3
L 14 = L= 14
is = | | Kol
0 T T T = a 0 T T T
TGF'B - + + + E g TGF‘B - + + +
ATD - - 50 100 = T~ AID - - 50 100

Fig. 5. ATD inhibits TGF-$-induced fibrotic activation in spinal cord fibroblasts. (A) Cytotoxicity of various concentrations of
ATD was assessed using the CCK-8 assay (n = 3). (B,C) Quantitative real-time PCR (qPCR) analysis revealed that ATD treatment
significantly suppressed TGF-S-induced mRNA expression of fibronectin (Fn) (B) and collagen type I alpha 1 (Coll«l) (C) in mouse
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ATD-treated cells compared to Vehicle controls, with quantification shown in panels E, F, and G respectively (n = 3). (H,I) Inmunofluo-

rescence staining confirmed downregulation of a-SMA expression in ATD-treated fibroblasts, with representative images shown in (H)

and quantitative analysis in (I) (n = 3; scale bar = 50 pm). Data shown are the mean £ SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ns

p > 0.05.

riphery of the injury site [34,35]. The scar serves as a
physical barrier that impedes axonal regeneration, while
exacerbating neural repair failure by releasing inhibitory
molecules and sustaining a pro-inflammatory microenvi-
ronment [36]. The present study found that ATD signifi-
cantly reduces TGF-£1 expression in the lesion area and in-
hibits SMAD2/3 phosphorylation, indicating a central reg-
ulatory role of the TGF-8/SMAD signaling pathway in
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fibrotic scar formation. Interruption of this pathway ef-
fectively attenuates scar deposition, thereby providing a
well-defined molecular target for therapeutic intervention
in post-SCI fibrosis.

A vicious cycle of bidirectional regulation occurs be-
tween fibrous scar formation and neuronal death. On the
one hand, fibroblasts and activated astrocytes in the scar
continuously secrete pro-inflammatory factors and neuro-
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toxic molecules to directly induce neuronal apoptosis [37,
38]. On the other hand, excessive accumulation of ECM
within the fibrotic scar disrupts the blood-spinal cord bar-
rier in the lesion site, impedes the delivery of neurotrophic
factors, and exacerbates neuronal ischemia and hypoxia via
mechanical compression [39]. ATD treatment after SCI sig-
nificantly reduced neuronal pyknosis and apoptosis and in-
creased the number of Neun positive neurons, which may
be due to an improved local microenvironment following
inhibition of fibrous scar formation. In addition, CSPGs in
fibrous scars inhibit axonal regeneration and induce growth
cone collapse by binding to neuronal surface receptors,
while ATD indirectly attenuates the inhibitory effects on
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neuronal survival and axon repair by reducing the scar area
and deposition of CSPGs [40]. In the current study, the
number of serotonergic axons passing through the scar area
was significantly increased in the ATD treatment group,
further confirming that inhibition of the fibrous scar can
promote neuronal survival and reconstruction of functional
connectivity by improving the neural microenvironment.

TGF-f family members, especially TGF-£1, play key
regulatory roles in fibrotic diseases. They regulate the ac-
tivation, proliferation, and ECM metabolism of fibroblasts
by activating both classical SMAD2/3/4 and non-classical
pathways, such as MAPK and PI3K/Akt [41—43]. In SCI,
the abnormally high expression of TGF-41 is positively
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correlated with the degree of scar formation and the prog-
nosis of neurological function [21,22]. The present study
found that the level of TGF-31 in the injured area was sig-
nificantly increased after SCI. This promoted the phospho-
rylation and subsequent nuclear translocation of SMAD2/3.
Consequently, the transcription of fibrosis-related genes,
including Coll«l and Fn, was initiated in fibroblasts. ATD
blocks the pro-fibrotic signal transduction of TGF-51 by
inhibiting the phosphorylation and nuclear localization of
SMAD?2/3, but does not affect the expression of SMAD4
and SMAD7, suggesting that its target is the receptor ki-
nases or related co-regulators upstream of SMAD2/3. It is
worth noting that the research on the TGF-8/SMADs path-
way in liver, kidney and lung fibrosis is relatively mature,
but its regulatory network in neural fibrosis still requires
further exploration. While the present study demonstrates
that ATD treatment effectively attenuates fibrotic scarring
and promotes functional recovery after SCI, and our in vitro
data align these benefits with the modulation of the TGF-
B/SMAD signaling axis in fibroblasts, a key mechanistic
question remains open. However, our work does not yet
provide direct in vivo evidence that inhibiting the TGF-
B/SMAD pathway within the injured spinal cord is neces-
sary and sufficient to recapitulate ATD’s therapeutic effects.
Establishing such definitive causal proof, through the use
of conditional genetic models or localized pharmacological
inhibition of SMADA4, represents a crucial next step. This
validation is technically demanding, as it requires precise
spatial and temporal control within the complex injury mi-
lieu to avoid confounding systemic effects. The current
findings therefore position the TGF-3/SMAD pathway as
a strongly implicated, but not conclusively proven, primary
mediator of ATD’s action in vivo. Addressing this specific
gap through the suggested functional rescue or mimicry ex-
periments will be a central objective of our subsequent re-
search, aiming to transition the observed correlation into a
firmly established mechanism.

ATD, an active constituent of the traditional Chinese
medicinal herb Atractylodes, has been previously reported
to exert multiple pharmacological activities, including anti-
inflammatory, metabolic regulatory, and anti-fibrotic ef-
fects [24-27]. The therapeutic potential of bioactive com-
pounds derived from Atractylodes species in central ner-
vous system disorders, including SCI, is gaining recog-
nition. Notably, atractylenolide III, a sesquiterpene lac-
tone from the same genus, has demonstrated efficacy in
experimental SCI, primarily by modulating neuroinflam-
matory responses involving microglia/macrophages [44].
While this prior work provides valuable context, our study
introduces atractylodin—a chemically distinct polyacety-
lene from Atractylodes—and defines its unique therapeutic
niche. Unlike the established anti-inflammatory profile of
atractylenolides, our investigation is the first to systemat-
ically establish atractylodin’s potency in specifically miti-
gating fibrotic scar formation, a pivotal and mechanically
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obstructive pathology in the subacute to chronic phases
of SCI. The chemical distinction between these compound
classes suggests divergent molecular interactions and tar-
get profiles. Our focus on the TGF-8/Smad pathway for
atractylodin is justified by its central role in fibrosis and is
supported by our mechanistic data. This focus does not du-
plicate but rather complements the existing pharmacologi-
cal understanding of Atractylodes-derived compounds. By
elucidating atractylodin’s anti-fibrotic action, our work ex-
pands the therapeutic scope of this medicinal genus, high-
lighting how different constituents may target sequential or
parallel pathological events in SCI—from acute inflamma-
tion to chronic fibrosis. This positions atractylodin as a
promising candidate for combination strategies or for inter-
vention in the fibrotic phase of injury, addressing an unmet
need distinct from acute neuroinflammation management.

In the current study, ATD showed a significant in-
hibitory effect on fibrosis after SCI. The mechanism of ac-
tion was different from that of traditional anti-inflammatory
drugs, and was achieved by specifically interfering with
the TGF-3/SMADs pathway. In vitro experiments demon-
strated that ATD suppresses TGF-S-induced fibroblast acti-
vation and reduces ECM production. This mechanism dif-
fers notably from the previously described effect of ATD in
lung fibrosis, where it stabilizes vimentin to inhibit TGF-
B1 recycling. Hence, different fibrotic contexts may have
tissue-specific modes of action for ATD. Furthermore, in
vivo administration of high-dose ATD resulted in enhanced
suppression of scar formation and significant improvement
in motor function. While our initial histological exami-
nation of major organs revealed no apparent morphologi-
cal damage, the serum data provide a functional perspec-
tive on systemic biocompatibility. The absence of signifi-
cant changes in ALT, AST, CRE, and BUN levels in ATD-
treated animals offers direct evidence that the compound,
at doses effective in reducing scar formation and promoting
functional recovery, places no detectable functional burden
on the liver and kidneys. This combined assessment estab-
lishes a foundational safety dataset supporting the further
preclinical development of ATD, thus supporting its poten-
tial for safe clinical translation. This study broadens the
known pharmacological spectrum of ATD and represents
its first application in the field of neural trauma, while re-
vealing its novel function as a TGF-3/SMADs pathway in-
hibitor.

5. Limitation

This study has several limitations that warrant care-
ful consideration. First, although our in vitro data demon-
strate that ATD suppresses SMAD2/3 phosphorylation, its
direct molecular target remains unknown. It is unclear
whether ATD acts directly on TGF-f receptors or mod-
ulates upstream regulatory components. These questions
could be addressed through targeted approaches such as
drug affinity chromatography, cellular thermal shift assays,
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or structure-guided molecular docking. Second, our inves-
tigation centered predominantly on fibroblasts. However,
fibrotic scar formation is a multicellular process involving
dynamic crosstalk among astrocytes, pericytes, microglia
and macrophages, and infiltrating immune cells. The im-
pact of ATD on these non-fibroblast populations, and how
it influences intercellular signaling networks that drive scar
maturation, was not assessed. Third, although ATD sig-
nificantly reduced fibrotic scar area, the functional rele-
vance of this reduction for axonal regeneration was in-
ferred indirectly from neurofilament and SlII-tubulin im-
munoreactivity. Critically, direct anatomical evidence re-
mains absent, such as anterograde tracing showing regen-
erating axons traversing the lesion core or synaptic marker
colocalization at distal targets. Fourth, the therapeutic win-
dow for ATD administration was not systematically eval-
uated. Although we initiated treatment immediately after
injury, the efficacy of delayed intervention, which would
be more reflective of real-world clinical scenarios, has not
been tested. Finally, although ATD originates from tradi-
tional Chinese medicine, its pharmacokinetic profile, in-
cluding central nervous system penetration, bioavailabil-
ity following systemic administration, and long-term safety
after spinal cord injury, remain uncharacterized. These
knowledge gaps currently constrain its translational feasi-
bility.

6. Conclusions

In summary, our data indicate that ATD acts as an
effective inhibitor of the TGF-3/SMADs pathway in fi-
broblasts, thereby attenuating fibrosis and limiting fibrotic
scar deposition after SCI. Together, these effects contribute
to improved functional recovery, as ATD reduces the scar
area, supports axon regrowth, and enhances motor perfor-
mance in a mouse model of SCL.
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