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FSTL1 accelerates nucleus pulposus-
derived mesenchymal stem cell apoptosis
in intervertebral disc degeneration

by activating TGF-3-mediated Smad2/3
phosphorylation
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Abstract

Background Intervertebral disc degeneration (IVDD) is the leading cause of low back pain, and repair using nucleus
pulposus-derived mesenchymal stem cells (NP-MSCs) represents a promising therapeutic approach. However, both
endogenous and transplanted NP-MSCs demonstrate limited proliferative capacity, increased apoptosis, and reduced
resilience to the harsh microenvironment within the degenerative intervertebral disc (IVD).

Methods RNA sequencing (RNA-seq) was utilized to identify genes and associated mechanisms that mediate the
responses of NP-MSCs to acidic conditions. Western blotting, gPCR, and immunofluorescence were used to evaluate
follistatin-like 1 (FSTLT) expression in NP-MSCs. Apoptosis and extracellular matrix (ECM) anabolism were assessed via
flow cytometry, TUNEL staining and Western blotting, while the TGF-3/Smad2/3 pathway was analyzed using Western
blotting and immunofluorescence. FSTL1 knockdown with small interfering RNA (siRNA) was performed to determine
its role in apoptosis and ECM regulation. The FSTLT siRNA pretreatment was assessed in a puncture-induced rat IVDD
model using MRl and histological staining.

Results Using RNA-seq, we identified FSTL1 as the primary acid-responsive gene in NP-MSCs. We further observed
elevated FSTL1 expression in NP-MSCs isolated from degenerative IVDs in both humans and rats compared to normal
IVDs. Acidic conditions upregulated FSTL1 expression in NP-MSCs in a pH-dependent manner. Notably, recombinant
FSTL1 was shown to enhance cellular apoptosis and disrupt ECM metabolism. Conversely, silencing FSTL1T with siRNA
reduced NP-MSC apoptosis and improved ECM anabolism. Importantly, TGF-3 pathway inhibition partially reversed
the pro-apoptotic and ECM catabolism effects of FSTL1. In the rat model of IVDD, pretreatment of NP-MSCs with
FSTL1 siRNA significantly suppressed IVDD progression.
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Conclusions This study provides novel insights into the mechanistic role of FSTL1 in acid-induced apoptosis of
NP-MSCs and its contribution to the progression of IVDD. These findings offer valuable perspectives for developing
targeted therapeutic strategies to mitigate IVDD progression.

Keywords FSTL1, Cellular apoptosis, IVDD, TGF-/Smad2/3

Introduction

Despite surgical and medical advancements, low back
pain (LBP) continues to be a significant contributor to
health expenditure and financial strain [1, 2]. The pri-
mary pathological cause of LBP has been identified as
intervertebral disc degeneration (IVDD) [3], which has
gained increasing attention in the field of regenerative
medicine [4, 5]. The intervertebral disc (IVD) has been
identified as an immune-exempt region [6], an enabling
characteristic for using stem cells to treat IVDD [7]. Mes-
enchymal stem cells (MSCs), including those derived
from adipose tissue, bone marrow, and umbilical cord,
have become increasingly prevalent as the basis for IVDD
treatment [8—11].

Compared to exogenous MSCs, nucleus pulposus-
derived mesenchymal stem cells (NP-MSCs) found
within the IVD have emerged as a promising seed cell
resource. Notionally, NP-MSCs appear better adapted
to the microenvironment of degenerative IVDs, making
them a more suitable candidate for regenerative therapies
[12]. Our previous research has validated the presence of
NP-MSCs within degenerative nucleus pulposus (NP) tis-
sues of humans [13, 14] while other research has shown
these cells possess self-renewal and differentiation abil-
ity, giving rise to nucleus pulposus cells (NPCs) that are
responsible for promoting anabolism of the extracellular
matrix (ECM) [15]. Nonetheless, the harsh characteris-
tics of the degenerative IVD microenvironment implic-
itly limits the ability of NP-MSCs to persist, ultimately
resulting in the failure of stem cell-based IVD regenera-
tion [16].

The IVD represents the biggest non-vascular tissue in
the body [17]. The primary energy source is delivered
through the capillaries of the IVD located in the verte-
bral bodies [18] which facilitate the diffusion of nutri-
ents through the cartilage endplate (CEP) [19]. However,
impairment of this process in IVDD allows metabolite
accumulation, triggering an altered IVD microenviron-
ment characterized by acidosis [20]. Our previous stud-
ies have demonstrated significant impacts of acidosis on
NP-MSCs, inducing cellular senescence and apoptosis,
followed by ECM degeneration and IVDD pathologies
[13, 14]. Despite its importance, there has been limited
research focusing on strategies to protect NP-MSCs from
acid-induced cell death.

Follistatin-like 1 (FSTL1), initially identified as a
transforming  growth  factor-p  (TGEF-p)-inducible
gene, encodes a small glycoprotein belonging to the

cysteine-rich acidic protein family that is secreted into
the ECM [21]. FSTL1 is widely expressed in all eukary-
otic cells except for peripheral lymphocytes [22]. Previ-
ous studies link FSTL1 with the regulation of endocrine
function, cell proliferation, apoptosis, metabolism, cell
differentiation and immune responses [23-25] includ-
ing a specific report where FSTL1 was demonstrated to
regulate chondrocyte proliferation and promote MSC
differentiation into chondrocytes [26]. Interestingly, high
ESTL1 concentrations significantly inhibit MSC pro-
liferation [27] while our previous study showed FSTL1
accelerated NPC senescence and ECM degeneration [28].
However, to date, the role of FSTL1 in NP-MSC degen-
eration and its molecular mechanisms contributing to
IVDD remain unexplored.

Of further interest here is the TGF-/Smad2/3 signal-
ing pathway, a pivotal regulator of cellular processes such
as differentiation, apoptosis, tissue fibrosis, and migra-
tion, is governed by TGF-B, a versatile cytokine that
plays a crucial role in maintaining tissue homeostasis
and orchestrating cellular responses to environmental
stimuli [29, 30]. This pathway has been shown to signifi-
cantly influence MSC behavior and play a critical role in
the progression of IVDD [31, 32]. Notably, the FSTL1
protein, with its multi-functional domains-including a
follistatin-like domain, Kazal-like domain, extracellular
calcium-binding domain, Von Willebrand factor-type C
domain, and signal peptide domain-interacts with com-
ponents of the TGF-p superfamily to regulate chondro-
cyte proliferation, MSC differentiation, and ECM protein
expression [33, 34]. Therefore, elucidating the role of
FSTL1 within the TGF-f signaling network is essential to
understanding its impact on NP-MSC degeneration and
IVDD progression.

In this study, we hypothesized that FSTL1 accelerates
NP-MSC apoptosis and ECM degeneration by activat-
ing the TGF-B/Smad2/3 signaling pathway. To test this,
we utilized an acid-induced NP-MSC degeneration
model in vitro and a rat puncture-induced IVDD model
in vivo. We examined the effects of FSTL1 knockdown
via small interfering RNA (siRNA) and its upregulation
through recombinant FSTL1 (r-FSTL1) treatment on NP-
MSC apoptosis and ECM degeneration. Additionally, we
demonstrated that the TGF-f inhibitor SB-431542 effec-
tively reduced NP-MSC apoptosis and ECM degrada-
tion. Together these findings suggest FSTL1 as a potential
therapeutic target for IVD regeneration.
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Materials and methods

Human NP tissues

NP tissues were obtained from patients undergoing
surgery at the First Affiliated Hospital of Anhui Medi-
cal University for IVDD or vertebral fracture. Six mildly
degenerated NP tissues were collected from 6 patients
who underwent vertebral fracture while six severely
degenerated NP tissues were collected from 6 IVDD
patients. Prior to surgery, standard T2-weighted mag-
netic resonance imaging (MRI) examinations were con-
ducted on the lumbar spine after which three impartial
observers scored the degree of IVDD according to the
Pfirrmann classification and MRI results (Table 1). After
excision, NP tissues were divided into two for the pur-
poses of histological staining and cell isolation. This study
was approved by the Medical Ethics Committee of Anhui
Medical University.

Rat IVDD model

Thirty Sprague-Dawley (SD) rats were randomly divided
into six groups: (A) Control group: Received anesthesia
but no IVD intervention. (B) IVDD group: Annulus fibro-
sus (AF)-punctured IVDs. (C) PBS group: Phosphate-
buffered saline (PBS) injected into AF-punctured IVDs.
(D) NP-MSC group: Normal rat NP-MSCs transplanted
into AF-punctured IVDs. (E) NC siRNA group: Negative
control siRNA (si-NC) pretreated NP-MSCs transplanted
into AF-punctured IVDs (F) FSTL1 siRNA group: FSTL1
siRNA pretreated NP-MSCs transplanted into the AF-
punctured IVDs. Transplanted cells were added twice a
week (eight times in total) for groups D-E. AF punctures
were performed as previously described [28]. Briefly,
after anesthesia, rats were positioned prone before using
a 21G needle to percutaneously puncture the caudal
IVDs (C6/7). The needle was positioned at the center of
the disc and introduced at a right angle to the skin and
parallel to the endplate before 180 degrees rotation main-
tained for a duration of 5 s. MRI scans were performed at
four weeks after the procedure. Studies were conducted

Table 1 Patient demographic data and degree of VDD

Case No Gender Pfirrmann grade
Case 1 Male |
Case 2 Female |
Case 3 Male Il
Case 4 Male Il
Case 5 Female Il
Case 6 Female Il
Case 7 Female v
Case 8 Female v
Case 9 Male v
Case 10 Female \Y
Case 11 Male vV
Case 12 Male \%
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in accordance with the Laboratory Animal Center of
Anhui Medical University’s authorization and in accor-
dance with the International Guiding Principles for Ani-
mal Research.

Histology

After paraffin embedding, 5 um sections of NP tissues
were stained with Alcian blue, Safranin O-Fast Green
(SO), or Hematoxylin-Eosin (H&E). The histological
scores of IVDs were assessed in accordance with speci-
fied criteria by three impartial observers [35].

NP-MSC isolation and culture

Primary human NP-MSCs were isolated using the previ-
ously described method [14] while primary rat NP-MSCs
were isolated from NP tissue of the caudal vertebrae of
SD rats. Tissues were digested using type II collage-
nase solution (Sigma-Aldrich, USA) for 3-hours at 37 °C
before subsequently culturing the residual microtis-
sue and cells in low-glucose Dulbecco’s modified Eagle’s
medium (HyClone, USA) supplemented with 10% fetal
bovine serum (Gibco Life Technologies, UK) and a 1%
penicillin-streptomycin at 37 °C in a humidified environ-
ment with 5% CO,. The culture medium was replaced
twice a week and once cultures reached 80-90% conflu-
ence, the cells were passaged at 1:3 a ratio. Subsequent
experiments utilized cells at passage 3 (P3).

Surface marker identification

Suspensions of NP-MSC cultures at 1.5x10° cells/mL
were prepared by trypsin digestion and resuspended
in PBS. The cells were then subjected to immunophe-
notyping utilizing flow cytometry using fluorophore-
conjugated monoclonal antibodies against CD45-PE,
CD34-PE, HLA-DR-APC, CD73-FITC, CD90-FITC,
and CD105-PE, or isotype controls (all obtained from
eBioscience, USA). Following guidelines provided by the
International Society for Cellular Therapy, the cells were
incubated with antibodies at 25 °C for 30 min in the dark
prior to twice washing with cold PBS and resuspension
in 500 pL of PBS containing 1% formaldehyde. The cells
underwent examination by flow cytometry (Beckman,
USA) following established protocols with analysis con-
ducted on a minimum of three samples for each surface
marker. The proportion of positively stained cells was
determined in relation to the isotype control.

Transcriptome sequencing

Comparator groups for RNA-seq involved NP-MSCs
cultures receiving fresh complete medium or pH 6.6
conditioned medium. After 24 h, the cell monolayers
were washed three times with PBS, and lysed with 1 mL
of RNAiso lysate. The solution was removed and sub-
jected to repeated vortexing before subsequent storage
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at -80 °C. for a prolonged period of time. RNA-seq and
subsequent analyses were performed by Lianchuan Biol-
ogy company.

Western blotting

Extraction of total protein was performed as described
previously [28]. Primary antibodies used included: FSTL1
(1: 1000, ab223287, Abcam), MMP3 (1: 1000, ab52915,
Abcam), MMP13 (1: 1000, ab39012, Abcam), Collagen
II (1: 1000, ab34712, Abcam), Aggrecan (1: 1000, ab3778,
Abcam), cleaved Caspase-3 (1: 1000, ab32042, Abcam),
Bcl-2 (1: 1000, ab32124, Abcam), Bax (1: 1000, ab32503,
Abcam), Smad2 (1: 1000, 5339 S, Cell Signaling Technol-
ogy), p-Smad2 (1: 1000, 18338 S, Cell Signaling Technol-
ogy), Smad3 (1: 1000, 9523 S, Cell Signaling Technology),
and p-Smad3 (1: 1000, 9520 S, Cell Signaling Technol-
ogy). The measurement of the integrated density of each
blotting was conducted using Image]J software, with load-
ing normalization applied to the B-actin control.

qPCR
Total RNA extraction and reverse transcription were per-
formed as described previously [35]. The qPCR experi-
ments were conducted on an ABI Real-Time PCR System
(Thermo Fisher Scientific, USA) with the indicated prim-
ers (Table 2). Cycle threshold (Ct) values were normal-
ized to B-actin, and the 274" method was employed to
compute comparative expression values.

Immunofluorescence staining

NP-MSCs cultivated on glass coverslips were subjected
to fixation in 4% formaldehyde solution for 15 min before
subsequent permeabilization using 0.1% Triton X-100
solution in PBS for 10 min and blocking with 5% bovine
serum albumin (BSA) for 30 min. Thereafter, samples
were incubated at 4 °C overnight with primary antibod-
ies: FSTL1 (1: 200, ab223287, Abcam), Smad2 (1: 500,
5339 S, Cell Signaling Technology) and Smad3 (1: 500,
9523 S, Cell Signaling Technology), and the next day
incubated with secondary antibodies for 1 h at room

Table 2 Primers used in RT-gPCR

Gene forward primer (5'-3') reverse primer

(5’-3

FSTLT  AACAGCCATCAACATCACCACTTAT = TTTCCAGT-
CAGCGTTCT-

CATCA
AGCTCAGTAA-
CAGTCCGCC
CAGCGCT-
GAAGTG-
GAGAAGA
TAGGAGC-
CAGGGCAGT
AATCT

For rat

B-actin - ATCATTGCTCCTCCTGAGCG

For FSTLY
human

GCCATGACCTGTGACGGAAA

B-actin CGTTGACATCCGTAAAGACCTC
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temperature. After DAPI counterstaining, the coverslips
were mounted on slides and imaged using an epifluores-
cence microscope.

TUNEL staining

A TUNEL staining kit (Beyotime, China) was employed
to quantify DNA fragmentation, a hallmark of late-stage
apoptosis. NP-MSCs cultures treated as indicated were
subject to fixation using 4% formaldehyde at 25°C for
15 min, permeabilization with 0.1% Triton X-100 solu-
tion for 10 min followed by three washes with PBS. After
the addition of TUNEL reagents and nuclear counter-
staining with DAPI, the percentage of TUNEL positive
cells was determined using a fluorescence microscope
(Zeiss, Germany).

Flow cytometry

Apoptosis rates of NP-MSC cultures were determined
using the Annexin V-FITC/PI apoptosis detection kit
(Bestbio, China) according to the manufacturer’s instruc-
tions. Briefly, cell suspensions prepared by trypsin diges-
tion under EDTA free conditions were washed twice with
PBS before resuspension in 400 uL 1x Annexin V of bind-
ing solution at approximately 1x10° cells/mL. Thereaf-
ter, 5 uL Annexin V-EGFP staining solution was added
and the cell suspension mixed and incubated for 15 min
at 4 °C. Finally, after adding 5 pL PI staining solution,
cell suspensions were mixed and incubated at 4 °C for
5 min. Annexin and PI positivity was determined by flow
cytometry (Beckman, USA) and the results expressed as
early-apoptotic cells (Annexin V*/PI") and late-apoptotic
cells (Annexin V*/PI*).

Cell transfection

NP-MSCs were transiently transfected with negative con-
trol siRNAs and siRNAs targeting FSTL1 (Sigma Aldrich)
at a concentration of 50 nM using Lipofectamine 3000,
following the manufacturer’s instructions.

Statistical analysis

Analyses were conducted using GraphPad Prism (V.8.0,
GraphPad Software) with a minimum of three repli-
cates for each experimental condition. The Kolmogorov-
Smirnov test was employed to evaluate normality,
whereas parameters that followed a normal distribu-
tion were examined using Student’s t-test and one-way
ANOVA with Tukey’s post hoc test. Histological score
analysis was conducted using the Kruskal-Wallis H test.
Data are displayed as the mean value + standard deviation
(SD) derived from separate experiments with p values
below 0.05 deemed statistically significant.
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Results

Transcriptome sequencing analysis to identify
degeneration-associated genes in NP-MSCs

To better understand the mechanisms underlying the
effects of acidification on NP-MSCs, we conducted tran-
scriptome sequencing on NP-MSCs cultivated under pH
6.6 conditions, a physiologically-relevant level of acidifi-
cation chosen from our previous studies [14]. We identi-
fied a total of 670 differentially expressed genes (DEGs) in
NP-MSCs between the control (nondegenerative) and pH
6.6 (degenerative) conditions including 372 upregulated
and 298 downregulated genes, respectively with the top
50 DEGs shown in the accompanying heatmap (Fig. 1A,
B). DEGs with|log,FC| = 0.75 changes were uploaded to

R-HSA-1474244: Extraceliular matrix organization

GO:0001568: blood vessel development
M3008: NABA ECM GLYCOPROTEINS
MSE8S: NABA MATRISOME ASSOCIATED

RHSA 0006934- Signaling by Receptor Tyrosine Kinases

GO:0061448: connective tissue development

GO:0007167: enzyme-linked receptor protein signaling pathway

WP5055. Burn wound healing
G0:0018149: peptide cross-linking

R-HSA-76002: Platelet activation, signaling and aggregation
G0:0001936: regulation of endothelial cell proliferation
G0:0090287: regulation of cellular response to growtn factor stmulus

WP4B16: Signaling by TGFB family members

WP3624: Lung fibrosis
GO:0009725: response to hormone

GO:0010038: response to metal ion

GO:0072001: renal system deve opment
GO-0048729: tissue marphogenesis

0 5 19 15 20 25
10910(P)

VP3067: miR 500 3p alteration of YAP1 ECM axis
WPAD18: Clear cell renal cell carcinoma pathways
WP4786: Type | collagen synthesis in the context of osteagenesis imperfecta

GO:0032330: regulation of chondrocyte differentiation
WP5353: Macrophage stimulating protein MSP signaling
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Metascape with analysis identifying enriched pathways
or related functions with q values<0.05, including the
TGE-B pathway and ECM organization (Fig. 1C). Nota-
bly, based on our previous work [28] the occurrence of
FSTL1 among the top 25 upregulated DEGs piqued our
interest, along with the point that FSTL1 is known to
interact with TGF-B-related pathway related proteins
(Fig. 1D). This prompted us to further explore the func-
tion of FSTL1 in NP-MSCs and its relationship with the
TGE-p pathway in IVDD related processes.

60

40

-log10(p Value)

logFC

»
coTerms [ Signaling by TGFB family members
2 [l Extracellular matrix organization

Fig. 1 Transcriptome sequencing reveals genes and pathways in NP-MSCs associated with acidic conditions. (A) Heatmap depicting hierarchical clus-
tering of the top 50 downregulated and upregulated DEGs detected comparing NP-MSCs cultivated at pH6.6 and normal culture conditions using
RNA-seq. Three biological replicates were used. (B) Volcano plot depicting significantly downregulated and upregulated DEGs. (C) Horizontal bar chart
shows the top associated GO terms enriched against the DEGs ranked by p-values. (D) Circos plot showing differentially expressed genes. The left column
represents differentially expressed genes, and the right column is different biological processes
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FSTL1 expression increases in human NP-MSCs following
degeneration

We first characterized NP tissues collected from patients
with varying Pfirrmann grades. As expected, we found
that severely degenerated NP tissues showed atrophic
volume and decreased elasticity in comparison to mildly
degenerated NP tissues (Fig. 2A). Moreover, H&E and
Alcian blue staining showed that the number of NPCs
and the proteoglycan content in the severely degenerated
NP tissues were significantly reduced (Fig. 2B).

Next, we examined the expression status of FSTL1
protein in the NP-MSCs isolated from the severe and
mildly degenerated NP tissues. Using Western blotting
we observed that the expression of FSTL1 was consid-
erably upregulated in NP-MSCs derived from severely
degenerated NP tissues (Fig. 2C-D). Moreover, qPCR
results corroborated that FSTL1 mRNA levels were much
higher in severely degenerated NP-MSCs compared
to mildly degenerated NP-MSCs (Fig. 2G). Further-
more, the results of immunofluorescence staining assays
revealed a higher prevalence of FSTL1-positive cells in
severely degenerated NP-MSCs (Fig. 2E-F). Thus, FSTL1
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expression is positively associated with the degree of
degeneration in NP-MSCs.

FSTL1 expression is upregulated in degenerated rat
NP-MSCs
Given the physiological similarities between degenerated
human and rat intervertebral discs, as well as the wide-
spread use of rat models in IVDD research, we aimed
to confirm whether FSTL1 expression is also elevated
in NP-MSCs derived from a rat model of IVDD. Initial
characterization of the control and IVDD group ani-
mals using T2-weighted MRI findings showed that AF
puncture elicited significantly higher Pfirrmann grades
(Fig. 3A-B). Further histological staining using H&E,
SO and Alcian blue showed decreased NPCs with disor-
dered NP morphology and AF with broken inner fibers
and unclear boundary in AF puncture IVDs (Fig. 3C-D),
together confirming the successful establishment of the
rat [IVDD model.

Thereafter, cells isolated and cultured from rat cau-
dal IVDs were subject to verification by flow cytometry.
This analysis showed the cultured cells were positive for

MDD SDD

F G

MDD

NP-MSCs
Y

1

lorescence intensity
¥ a
1

ve MRNA expressi

4

of STL in

l T
MDD SDD - MDD SDD SDD

Fig. 2 FSTL1 is upregulated during disc degeneration in clinical IVDD. (A) Representative T2-weighted MRIs comparing mild (MDD) and severely degen-
erated intervertebral discs (SDD) from donors receiving IVD discectomy surgery. The gross appearance of the dissected tissues are shown in the inset. (B)
Representative sections of NP tissue from human IVD stained with HE or Alcian blue (scale bar: 50 um). (C, D) Western blotting against FSTLT in human
NP-MSCs from MDD and SDD cases with quantitation of expression determined by Image J. (E, F) Representative immunofluorescence staining against
FSTL1 in human NP-MSCs from MDD and SDD cases (scale bar: 50 um) and corresponding quantitative analysis. (G) RT-gPCR measurements of relative
FSTLT mRNA in NP-MSCs from MDD and SDD cases. The values are mean + SD for n=3 determinations. *p < 0.05, **p < 0.01, ***p <0.001
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Fig. 3 FSTL1 expression isinduced in NP tissues in the VDD rat model. (A, B) Representative T2-weighted MRI shown for control (CTR) and annulus fibro-
sus punctured (AFP) rats, and quantitative comparisons of Pfirrmann grade. (C, D) Representative sections of NP tissues stained with HE, SO and Alcian
blue (scale bar: 1 mm) and corresponding histological scores. (E) NP-MSCs isolated from the groups in (A) were subjected to flow cytometry to measure
characteristic positive (CD105, CD90, CD73) and negative (CD34, CD45 and HLA-DR) markers of NP-MSCs. Representative histograms compare marker
staining against an isotype control. (F, G) Representative immunofluorescence staining against FSTL1 in the cells from (E) (scale bar: 50 um) and corre-
sponding quantitative analysis. (H, ) Western blotting against FSTL1 in the cells from (E) and quantitation of relative FSTL1 protein expression. (J) RT-gPCR
measurements of relative FSTLT mRNA in the cells from (E). Values are mean £ SD for n=3 determinations. *p <0.05, **p <0.01, ***p < 0.001

CD73, CD90 and CD105 expression, and negative for
CD34, CD45 and HLA-DR expression (Fig. 3E), corre-
sponding with the known phenotype of NP-MSCs. After
confirming that the cultured cells were indeed NP-MSC:s,
the results of immunofluorescence staining revealed a
substantial increase in the quantity of FSTL1-positive
cells from cultures isolated from AF puncture discs
(Fig. 3F-@). Furthermore, FSTL1 mRNA and protein lev-
els were substantially upregulated in NP-MSCs isolated
from AF puncture discs (Fig. 3H-J). Therefore, the same

phenotype of increasing FSTL1 expression observed in
human IVDD is evident in rat NP-MSCs, providing a
foundation for exploring molecular mechanisms within
the rat IVDD model.

An acidic microenvironment induces FSTL1 expression and
NP-MSCs apoptosis in NP-MSCs in vitro

Our previous work established the key experimen-
tal parameters required for modelling the effects of
the acidic IVD microenvironment in vitro, identifying
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conditions which can inhibit NP-MSC proliferation or  was upregulated in a pH-dependent manner while the
progressively induce apoptosis [13]. We reproduced expression of apoptosis-associated markers including
these conditions here, subjecting NP-MSCs to a pH cleaved Caspase-3 and Bax were upregulated, while the
gradient (pH 7.0, 6.8, 6.6, 6.4) for 24 h. Western blot- anti-apoptotic protein Bcl-2 was downregulated (Fig. 4A-
ting assessments showed that the expression of FSTL1  E). Analysis of further ECM related markers showed
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Fig. 4 pH-dependent effects on apoptosis induction in NP-MSCs. (A-E) Normal NP-MSCs were cultured under different pH conditions (pH 7.0, 6.8, 6.6,
6.4) for 24 h prior to Western blotting against FSTLT and apoptosis-related proteins (cleaved-Caspase3, Bax, and Bcl-2) (A) and quantitative analysis of
relative protein levels (B-E). (F-J) Western blotting analysis in (A) was repeated to measure changes in Collagen Il, Aggrecan, MMP3, and MMP13. (K-N) The
rates of apoptosis in the cells from (A) were determined using flow cytometry for Annexin V/PI staining (K, L) and TUNEL staining using epifluorescence
microscopy (M, N). Representative flow dot plots (K) and quantitation (L), representative epifluorescence images (M) and quantitative analysis of TUNEL-
stained cells (N) (scale bar: 100 um). The values are mean+SD for n=3.*p<0.05, **p < 0.01, ***p <0.001
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decreased ECM anabolic proteins including Collagen and
Aggrecan while the catabolic proteins including MMP3
and MMP13 were upregulated (Fig. 4F-]), reflecting that
acidic conditions inhibit ECM anabolism but promote
ECM catabolism. Further flow cytometric assays inves-
tigating apoptosis showed a greater percentage of early
apoptosis (Q3) and late apoptosis (Q2) in cultures treated
with the lower pH conditions (Fig. 4K-L). These results
were confirmed by TUNEL staining where the number
of TUNEL-positive NP-MSCs were considerably higher
in the low range pH treatments compared to milder pH-
treated groups (Fig. 4M-N).

FSTL1 plays a pro-apoptotic in the acid-induced
degeneration of NP-MSCs

The association between FSTL1 expression increases and
apoptosis induction as revealed in the preceding section
could conceivably suggest that FSTL1 plays a direct role
in the acid-induced apoptosis of NP-MSCs. To address
this notion, we implemented transient transfection of tar-
geted siRNAs to silence FSTL1 expression in NP-MSCs.
Notably, compared to control siRNA treatment, FSTL1
knockdown in combination with acidosis conditions at
pH6.6 group resulted in significantly less TUNEL-pos-
itive NP-MSCs (Fig. 5A-B). Consistently, flow cytomet-
ric assays using dual Annexin V/PI staining showed that
silencing of FSTLI resulted in greatly reduced numbers
of early apoptotic cells (Q3) and late apoptotic cells (Q2)
in combination with pH6.6 treatment compared to con-
trols (Fig. 5C-D). These results were further supported by
the results of Western blotting where FSTL1 knockdown
resulted in a significant decrease in the expression of
acid-induced cleaved Caspase-3 and Bax proteins, while
a substantial increase occurred in the expression levels
of Bcl-2 (Fig. 5E-I). Together these findings suggest that
FSTLI is required to enhance apoptosis induction in NP-
MSCs, at least under acidic conditions.

In addition to the aforementioned assays measuring
apoptosis, we also considered how manipulating FSTL1
might affect ECM composition, a salient point given that
it is a secreted protein. Indeed, following depletion of
FSTL1 we observed increases in the ECM anabolic pro-
teins Collagen and Aggrecan with decreases in the ECM
catabolic proteins MMP3 and MMP13 (Fig. 5]-M). To
discern more about the effects of FSTL1 on the ECM, we
cultured NP-MSCs in the presence of 3 pug/mL exogenous
r-FSTL1. Notably, the addition of r-FSTL1 exacerbated
the degenerative effects of acidosis (pH 6.6, 24 h), caus-
ing further increases in MMP3 and MMP13 upregulation
compared to acid treatment alone. Moreover, Collagen
and Aggrecan expression were further downregulated in
the presence of r-FSTL1 (Fig. 6A-E).

Further assessments of the impact of r-FSTL1 on NP-
MSC apoptosis were also undertaken. Western blotting
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results showed that r-FSTL1 addition under acid treat-
ment conditions induced comparatively higher upregula-
tion of cleaved Caspase-3 and Bax and downregulation of
Bcl-2 expression, respectively (Fig. 6F-I). Moreover, the
results of TUNEL and flow cytometry assays revealed
increased numbers of apoptotic cells triggered by
r-FSTL1. Furthermore, the increased number of apop-
totic cells means that acid treatment successfully triggers
apoptosis in NP-MSCs. Similarly, r-FSTL1 addition sig-
nificantly enhances this phenotype (Fig. 6], K). The flow
cytometry confirmed the Western blotting and TUNEL
labeling results, indicating a higher population of early
apoptosis (Q3) and late apoptosis (Q2) in NP-MSCs
treated with acid and r-FSTL1 (Fig. 6L, M).

Collectively, these results indicate that the upregulation
of FSTL1 plays a direct role in the apoptosis of NP-MSCs
induced by microenvironmental acidification.

FSTL1 activates TGF-B/Smad2/3 signaling in NP-MSCs
Next, we considered whether the TGF-p signaling path-
way, highlighted by our RNA-seq results, was involved
in pro-apoptotic actions of FSTL1 on NP-MSCs. For
this, we examined if r-FSTL1 promoted changes in the
expression and activity of key effectors of TGF-f signal-
ing. Western blotting analysis revealed dose-dependent
increases in Smad2 and Smad3 activation in response
to r-FSTL1, as represented by the increasing ratios of
phosphorylated p-Smad2/Smad2 and p-Smad3/Smad3
(Fig. 7A-C). Furthermore, in situ examination of Smad2
and Smad3 by immunofluorescence staining showed that
translocation of Smad2 and Smad3 from the cytoplasm to
the nucleus in NP-MSCs treated with r-FSTL1 (Fig. 7D-
E). Together these data point to the likely involvement
of FSTL1 in activating the TGF-p signaling pathway in
NP-MSCs.

FSTL1 promotes NP-MSC apoptosis through TGF-f3
pathway activation

To explore the connection between FSTL1, TGF-p/
Smad2/3 signaling, and acid-induced apoptosis in NP-
MSCs, we incorporated SB-431542 into our experimental
design, a small drug inhibitor of TGF-P receptor kinase
that can suppress TGF- pathway activity. Western blot
analysis confirmed that SB-431542 significantly reversed
the r-FSTL1-induced phosphorylation of Smad2 and
Smad3 (Fig. 8A-C). Importantly, SB-431542 addition
markedly reduced markers reflecting apoptosis with
decreased expression of Caspase-3 and Bax and upregu-
lation of Bcl-2 in acid-treated NP-MSCs (Fig. 8D-Q).
TUNEL staining (Fig. 8H, I) and flow cytometry (Fig. 8],
K). further demonstrated a reduction in apoptotic NP-
MSCs following SB-431542 treatment. Additionally,
SB-431542 counteracted the decrease in Collagen and
Aggrecan expression and suppressed the upregulation
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Fig.5 Knockdown of FSTL1 using siRNA prevents acid-induced ECM degeneration and apoptosis in NP-MSCs. (A-D) Normal NP-MSCs exposed to control
or pH 6.6 conditions or transfected with control or FSTL1 targeting siRNAs before pH 6.6 treatment were cultured for 24 h before assessing the rates of
apoptosis using TUNEL assays (A, B) or flow cytometry measuring Annexin V/PI staining (C, D). Representative epifluorescence images (A) and quantita-
tive analysis of TUNEL-staining positive cells (B) (scale bar: 100 um), representative flow dot plots (C) and quantitation (D). (E-N) Western blotting against
FSTL1 and apoptosis-related proteins (cleaved-Caspase3, Bax, and Bcl-2) (E) or ECM-related proteins (Collagen Il, Aggrecan, MMP3, and MMP13) (J) with
respective quantitation of protein level changes shown in (F-I) and (K-N). The values are mean + SD for n=3. *p<0.05, **p <0.01, ***p <0.001
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Fig. 6 Ectopic FSTL1 treatment accelerates acid-induced ECM degeneration and apoptosis in NP-MSCs. (A-M) Normal NP-MSCs exposed to control or
pH 6.6 conditions or treated with 3 ug/mL r-FSTL1 in the presence or absence of pH 6.6 conditions were cultured for 24 h and the effects of treatment as-
sessed using assays measuring ECM degradation (A-E) and apoptosis (F-M), respectively. Western blotting analyses against Collagen II, Aggrecan, MMP3,
and MMP13 (A) and quantitative analysis (B-E) along with blotting against the indicated apoptosis-related proteins (F) and accompanying quantitative
analysis (G-1) are shown. Representative images of TUNEL staining (scale bar: 100 um) (J) and quantitative analysis (K), representative flow dot plots (L) and
quantitative analysis (M). The values are mean + SD for n=3 determinations. *p <0.05, **p < 0.01, ***p <0.001
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Fig. 8 FSTL1 regulates NP-MSC apoptosis and ECM degeneration by activating TGF-B-mediated Smad2/3 phosphorylation. (A-P) Normal untreated NP-
MSCs exposed to control or treated with 3 pg/mL r-FSTL1 in combination with 1 pM SB-431542 (TGF-f3 pathway inhibitor) for 24 h before assessing the
effects of treatment on TGF-3/Smad2/3 pathway activation (A-C), apoptosis (D-K) and ECM degradative changes (L-P). Western blotting against p-Smad2,
Smad2, p-Smad3 and Smad3 (A) and quantitative analysis performed to calculate phosphorylated to total Smad ratios (B, C), and changes in apoptosis-
related proteins (D) with corresponding quantitative analyses (E-G). Representative images of TUNEL staining (scale bar: 100 pm) (H) and quantitative
analysis (I), representative flow dot plots of Annexin/PI staining (J) and quantitative analysis (K). Western blotting analyses against Collagen I, Aggrecan,
MMP3, and MMP13 (L) and quantitative analysis (M-P). The values are mean +SD for n=3.*p <0.05, **p <0.01, ***p <0.001

of MMP3 and MMP13 observed in acid and r-FSTL1-
treated NP-MSCs (Fig. 8L-P). Collectively, these results
indicate that FSTL1 mediates NP-MSC apoptosis and
ECM degradation, at least in part, through the TGF-p/
Smad?2/3 signaling pathway.

FSTL1 silencing in NP-MSCs ameliorates IVDD progression
in the rat IVDD model

Given our findings, we reasoned that silencing FSTL1
expression in NP-MSCs could prevent their apoptotic
loss following IVD transplantation and alleviate the pro-
gression of IVDD in vivo. Exploring this concept in the
rat model, we sequentially injected either non-trans-
fected NP-MSCs or those transfected with control or
FSTLI1 targeting siRNAs into the IVD puncture site. Four
weeks following puncture and transplantation treatment,
we then examined the effectiveness of this approach by
conducting T2-weighted MRI scans and histological
assessments. While there were no differences between
the control groups (NP-MSC and NP-MSC +5i-NC), we
observed a significant decrease in Pfirrmann grade scores
among the NP-MSC + FSTL1 siRNA group rats (Fig. 9A-
B). Subsequent histological analysis of the IVD using
H&E, SO, and Alcian blue staining, showed that NP-
MSCs transplantation caused a delay in the reduction of
NP volume and resulted in an unclear boundary between
the NP and the AF, when compared to the PBS treated
control group. The NP-MSC+FSTL1 siRNA group
exhibited a higher number of NPCs and a more uniform
ECM structure compared to the other groups. Moreover,
the PBS group exhibited higher histology scores com-
pared to all other groups, with the NP-MSC+FSTL1
siRNA group achieving lower scores compared to the
NP-MSC +si-NC and NP-MSC groups (Fig. 9C-D). Thus,
these experiments show that silencing FSTL1 in NP-
MSCs prior to transplant provides objective benefits in
vivo in delaying IVDD progression.

Discussion

While NP-MSCs hold significant promise for regenera-
tive medicine, further progress in their therapeutic appli-
cation hinges on addressing the existing challenges and
limitations of this approach [36—39]. The IVDD microen-
vironment, characterized by hypoxia and nutrient defi-
ciency, drives anaerobic glycolysis in NP cells, leading to
acid production that diminishes NP-MSC numbers and
impairs endogenous repair [4, 14, 40—42]. However, the

specific impact of this acidic environment on the viabil-
ity and differentiation capacity of NP-MSCs remains
poorly understood. Based on our RNA-seq analysis, we
explored the role of FSTLI, a key regulator of chondro-
cyte growth, stem cell development, and ECM protein
expression, under acidic conditions contributing to NP-
MSC degeneration. Our findings demonstrated that
acidification correlates with increased apoptosis in NP-
MSCs, with FSTL1 exerting a pronounced pro-apoptotic
effect. Mechanistically, FSTL1 facilitated apoptosis via
activation of the TGF-B/Smad2/3 pathway. These results
highlight the pivotal role of FSTL1 in the degenera-
tive processes of NP-MSCs and underscore its potential
impact on the development of NP-MSC-based endog-
enous therapies for IVDD (Fig. 10).

Through the analysis of NP-MSCs from human and
rat NP tissues, we observed elevated FSTL1 expression
in degenerative NP-MSCs, consistent with prior find-
ings that FSTL1 levels increase in degenerative IVDs and
NPCs [28]. Acidic conditions further amplified FSTL1
expression in a pH-dependent manner. Under these con-
ditions, assays including TUNEL staining, Western blot-
ting, and flow cytometry revealed heightened NP-MSC
apoptosis and ECM catabolism. These outcomes align
with the critical role of maintaining NP-MSC quantity
and differentiation in IVD repair [43]. The acidic micro-
environment inhibited NP-MSC differentiation, evi-
denced by reduced Collagen II and Aggrecan levels and
increased MMP3 and MMP13 expression. Notably, we
identified FSTL1 as a key factor accelerating NP-MSC
apoptosis and ECM degradation, with FSTL1 siRNA
mitigating these effects. Conversely, r-FSTL1 exacerbated
these processes, increasing p-Smad2/3 expression, which
was partially reversed by the SB-431542.

Building on these findings, we turned our attention to
the TGF-p signaling pathway, which is widely recognized
for its pivotal role in regulating tissue homeostasis, cellu-
lar proliferation, and ECM dynamics in the IVD [44—-46].
Activation of TGF-p signaling has shown therapeutic
promise for IVDD by enhancing ECM formation, pro-
moting cell proliferation, and mitigating inflammation
[47, 48]. However, excessive TGF-p signaling may exac-
erbate IVDD progression, creating a complex regulatory
balance [49, 50]. Our in vitro experiments revealed that
FSTL1 drives NP-MSC apoptosis and ECM degradation
via activation of the TGF-/Smad2/3 pathway. Notably,
the inhibition of this pathway using SB-431542 reversed
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Fig. 9 FSTL1 SiRNA pretreatment of NP-MSCs alleviates puncture-induced IVDD in a rat model. (A-D) After AF puncture, rats received mock (PBS) treat-
ment or were transplanted twice per week (eight times in total) with untreated NP-MSCs or NP-MSCs pretreated with control siRNAs (NP-MSCs + si-NC)
or FSTL1-targeting siRNAs (NP-MSCs +si-FSTL1), respectively. Representative MRl images of NP tissues comparing the different treatment groups 4 weeks
after surgery (A) and the results of quantitative analyses based on Pfirrmann grade (B). Comparative histology of the IVD among the different treat-
ments based on HE, SO and Alcian blue staining (scale bar: 1 mm) (C) and histological scores (D). The values are mean+SD for n=3.*p<0.05, **p<0.01,

#%p 0,001

the effects of acid and r-FSTL1, significantly reducing
NP-MSC apoptosis and ECM catabolism. These results
further highlight the dualistic role of TGF-p signaling in
IVD homeostasis and degeneration.

These promising in vitro findings were then exploited
to examine if FSTL1 siRNA pretreatment could be uti-
lized in vivo to enhance the differentiation and anti-apop-
totic capacity of NP-MSCs. To this end, we evaluated the

therapeutic potential of FSTL1 siRNA-pretreated NP-
MSCs in a rat IVDD model. Consistent with expecta-
tions, IVDs injected with these pretreated cells displayed
improved water content and a stronger signal compared
to control groups. Histological analyses using H&E, SO,
and Alcian blue staining further corroborated the pro-
tective effects. Collectively, these results highlight the
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Fig. 10 Schematic model of the effects of FSTL1 in IVDD. Microenvironmental acidification induces FSTL1 expression and secretion by NP-MSCs, promot-
ing their apoptosis through the TGF-B/Smad2/3 pathway, further facilitating ECM degradation and exacerbating inflammatory responses to promote

VDD

protective role of FSTL1 siRNA in enhancing the thera-
peutic efficacy of NP-MSC transplantation.

This study is not without its limitations. While we
provide valuable insights into FSTL1-related processes,
particularly its association with the TGF-B/Smad2/3
pathway, our RNA-seq analysis also implicates numer-
ous other genes and pathways involved in the NP-MSC
response to acidic conditions. Additionally, while our
findings underscore FSTL1’s role in extracellular signal-
ing, its intracellular functions, particularly within the
cytoplasm and nucleus, remain largely unexplored. Fur-
thermore, although we demonstrated proof-of-concept
efficacy in vivo, the use of genetic mouse models tar-
geting FSTL1 expression would provide deeper insights
into its role in IVDD progression. Lastly, verification in
human IVDD samples will be essential to strengthen the

translational relevance of these findings and bridge the
gap to clinical application.

Conclusions

In summary, our study provides the detailed insights into
the mechanistic role of FSTL1 in acid-induced apopto-
sis of NP-MSCs and its contribution to IVDD progres-
sion. We also uncovered the function of FSTL1 within
the TGF-B/Smad2/3 signaling pathway, shedding light
on the molecular mechanisms essential for maintaining
IVD homeostasis. Our findings reveal a novel pathway
through which FSTL1 drives apoptosis and ECM deg-
radation in NP-MSCs, positioning FSTL1 targeting as a
promising therapeutic approach for IVD regeneration.
These discoveries open new avenues for developing tar-
geted interventions to address IVDD and improve regen-
erative medicine outcomes.
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