
Pooled Human BM-MSCs and Hyaluronic Acid
Restore Disc Matrix Homeostasis and Histological
Architecture in a Rat Disc Degeneration Model of
Lower Back Pain
Gyanoday Tripathi 

National Institute of Pharmaceutical Education and Research (NIPER)-Ahmedabad
Komal Bhombe 

National Institute of Pharmaceutical Education and Research (NIPER)-Ahmedabad
Priyabrata Sarangi 

National Institute of Pharmaceutical Education and Research (NIPER)-Ahmedabad
Suresh Kannan 

Stempeutics (India)
Pawan Kumar Gupta 

Stempeutics (India)
Uday Kumar 

Stempeutics (India)
Hemant Kumar 

National Institute of Pharmaceutical Education and Research (NIPER)-Ahmedabad

Research Article

Keywords: Intervertebral Disc Degeneration, Cell therapy, pooled hBM-MSC, Hyaluronic acid,
Chondrogenesis

Posted Date: October 5th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-11129159/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: Competing interest reported. This study was supported by a research grant
from Stempeutics Research PVT. LTD, which develops and commercialize the stem cell therapy

Page 1/22

https://doi.org/10.21203/rs.3.rs-11129159/v1
https://doi.org/10.21203/rs.3.rs-11129159/v1
https://doi.org/10.21203/rs.3.rs-11129159/v1
https://creativecommons.org/licenses/by/4.0/


evaluated in this research. The authors confirm that the study adhered to established scientific and
ethical standards. Beyond the disclosed research funding, the authors declare no additional personal
associations, competing financial/non-financial interests that could influence the design, interpretation,
or reporting of the study findings.

Page 2/22



Abstract
In this study, we aim to evaluate the efficacy of pooled human bone marrow-derived mesenchymal
stromal cells (hBM-MSCs) along with hyaluronic acid (HA) termed as Stempeucel®. In a lateral incision
disc puncture induced rat model of intervertebral disc disease. Using a lateral incision approach, a 22-
gauge needle was employed to puncture the lumbar discs (L5-L6), inducing nucleus pulposus (NP) cell
degeneration and promoting hallmarks of degenerative features, including degenerated chondrocyte like
NP cells and increased tissue fibrosis. Disease progression was evaluated at weeks 4, 8, and 12. We
further investigated the efficacy of pooled hBM-MSCs delivered in combination with HA hydrogel carrier.
Three human equivalent doses (HEDs) of hBM-MSCs (5, 10, and 15 million cells) were injected
intradiscally. The combination therapy significantly preserved disc structure and promoted tissue
regeneration. Notably, by week 12, treated discs showed improvements in pain reduction, and
histological parameters. Elevated expression of aggrecan, SOX9, and collagen-II, indicating enhanced
chondrogenesis. The treatment promoted recovery of NP cells, resulting in enhanced proteoglycans that
are crucial for disc hydration and function. The treatment mitigated fibrotic changes induced by the
needle puncture, suggesting a reversal of degeneration. This study presents the regenerative potential of
pooled hBM-MSCs and HA for treating IVDD, offering a promising strategy for long-term relief from LBP.

Introduction
Intervertebral discs (IVDs) are the soft, cushion-like structures between the spine's vertebrae. They
consists of a tough outer layer called the Annulus Fibrosus (AF) and a gel-like inner core nucleus
pulposus (NP) (Shapiro and Risbud 2016). Intervertebral disc Degeneration (IVDD) is a common
condition which arises from various factors, including aging, trauma, genetic predisposition, and lifestyle
factors such as smoking and obesity. These factors lead to the loss of water content, cellular
hypertrophy, reduced chondrogenesis, and dedifferentiation of the NP cells (Zhang et al. 2020; Lin et al.
2019a), as well as thinning and tearing of the AF. These degenerative changes contribute to impaired
disc function and are often associated with lower back pain (LBP) (Diwan and Melrose 2023). LBP is a
prevalent and a leading cause of long-term disability that poses a significant financial burden on society
(Alfalogy et al. 2023). The precise etiology of LBP is poorly understood, IVDD is recognized as a primary
contributor. IVDD is characterized by notable morphological changes, which may result from aging (Yang
et al. 2020), mechanical stress, or trauma (Alkhatib et al. 2014). Current therapeutic strategies for IVDD
primarily focus on alleviating pain rather than addressing the underlying pathological processes. These
approaches include conservative management, and pharmacological interventions; as well as more
invasive treatments like epidural steroid injections, disc replacement, and spinal fusion (Binch et al.
2021). Nevertheless, these modalities are predominantly symptom-alleviating rather than disease-
modifying, providing temporary relief but offering limited or no sustained long-term benefits in halting or
reversing the pathology.

Mesenchymal Stromal cells (MSCs) comprise a heterogeneous population residing within diverse
stromal tissues, capable of differentiating into chondrocytes, adipocytes, myocytes, and osteocytes,
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representing multilineage mesenchymal differentiation potential contributing to tissue regeneration and
repair. Recent advancements in regenerative medicine, particularly the use of MSCs, offer promising
therapeutic potential for treating IVDD (Steffen et al. 2017). MSCs are known to adhere to plastic
surfaces, have spindle-shaped morphology, and express specific surface markers positive for (CD 90, 73,
105 and negative for CD 34, 45), as defined by International Society for Cellular Therapy (ISCT) (Widjaja
et al. 2022). MSCs possess the capacity to differentiate into multiple mesodermal and non-mesodermal
lineages when exposed to suitable microenvironmental cues. MSCs exert their therapeutic effects
primarily through paracrine signalling, releasing various growth factors and cytokines that modulate the
local microenvironment (Kusuma et al. 2017). Bone marrow-derived MSCs (BM-MSCs) are particularly
favoured in clinical applications due to their accessibility, ease of extraction, and suitability for both
autologous and allogeneic treatments (El-Jawhari et al. 2021). However, the therapeutic efficacy of
MSCs can vary significantly due to heterogeneity, including differences in sex, age, health status, and
genetic makeup (Česnik and Švajger 2024; Ouzin and Kogler 2023). To address these challenges, pooling
MSCs from multiple donors has been proposed as a strategy to enhance therapeutic consistency and
efficacy. This approach combines cells with diverse therapeutic properties, potentially mitigating the
limitations associated with single-donor MSCs and enhancing overall therapeutic potential (Kannan et al.
2024; Willer et al. 2022). hBM-MSCs were chosen for their regenerative, anti-inflammatory, and
extracellular matrix (ECM) remodeling properties (Di Sarno 2022; O’Connor 2019).

The aim of this study lies in following objectives; (i) evaluating whether pooled MSCs improve
consistency of regenerative response in IVDD (ii) assessing dose-dependent efficacy using clinically
relevant human-equivalent dosing and (iii) investigating ECM remodeling and hypertrophy reversal
mechanisms at the tissue level with 12-week functional and histological follow-up.

Materials and Methods

Preparation and characterization of Pooled hBM-MSCs
Bone marrow was obtained from healthy male donors aged 20–35 years following written informed
consent. Aspiration was performed from the posterior iliac crest, and mononuclear cells (MNCs) were
isolated. The procedure was approved by the Institutional Ethics Committee (IEC) of Kasturba Hospital,
Manipal, Karnataka (Approval No. SRPL/CLI/07–08/001). The MNCs were expanded, and cells from
three independent donors were pooled at passage 1, then further expanded to passage 3. For the final
product, the Working Cell Bank (WCB) were further expanded up to passage 5 prior to use. Pooling was
performed to minimize donor-to-donor heterogeneity and to generate MSCs with more consistent
secretory activity and enhanced immunomodulatory potential, as supported by recent evidence (Kannan
et al. 2024). The pooled cells were cryopreserved at concentrations of 5M/ml, 10M/ml, and 15M/ml.
These cells were characterized for viability, viable cell count, phenotypic markers, and trilineage
differentiation potential before using for the in vivo study (Supplementary Table 1). Phenotypic
characterization was performed according to ISCT minimal criteria MSCs. (Supplementary Table 2). For
analyzing trilineage differentiation, MSCs were cultured in ready-to-use adipocyte, osteocyte, and
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chondrocyte differentiation media (Invitrogen-Gibco). The differentiation was confirmed after staining
them with Oil Red O, Alizarin Red S, and Safranin, respectively (Supplementary Fig. 1).

Needle size selection
We performed a pilot study to determine the optimal needle size for inducing the necessary disc injury
and select the appropriate needle gauge for the efficient delivery of Stempeucel®. To select an
appropriate needle size for the ease of delivery of Stempeucel® into the rat lumbar disc, we tested
different gauge (G) sizes ranging from 18G, 20G, 22G, and 26 ½ G. The 18G and 20G needles, being
relatively large in diameter, likely caused excessive damage to the disc tissue during insertion. This
excessive tissue disruption can lead to greater degeneration of the disc and may compromise the
model's accuracy in simulating disc conditions. Additionally, the larger needle size might increase the
risk of leakage of the injected material, reducing the precision of the delivery. The 26 ½ G needle, being
much smaller in diameter, would minimize tissue damage. However, its small size may present
difficulties in delivering an adequate volume of Cells into the disc. The fine needle might also increase
the risk of clogging or incomplete delivery, leading to inconsistent or suboptimal administration of the
cells. Additionally, the small gauge could be less effective at creating the necessary degree of disc
damage needed to develop the model. We observed that the 22G needle is the optimal gauge size for
both creating the model and delivering MSCs, providing an appropriate range of disc damage.

Animals and Standard Conditions
Male and Female Sprague Dawley rats (12–15 weeks old, 350–450 g) were used. The animals were
housed under controlled environment, with a 55–65% humidity and at 24 ± 2 �C temperature with a cycle
of 12 h light and 12 h dark and free access to a pelleted commercial diet and water. All surgical
procedures were conducted in accordance with ethical guidelines and were approved by the Institutional
Animal Ethics Committee (NIPERA/IAEC/2023/018) at NIPER Ahmedabad, India.

Needle puncture (Lateral Incision)
After one week of acclimatization feeding, the rats were used for model construction, ensuring that all
animals selected for surgery were in optimal health prior to the procedure. Animals were divided into six
groups, as follows: Sham, Needle puncture (PlasmaLyte A, Baxter-FE0324), HA only (Hyalgan® 20 mg/2
mL, MW 500,000–730,000 Da), 5M, 10M, and 15M Stempeucel® (PlasmaLyte+ Cells/HA) (n = 6/group)
(Supplementary Table 3). Surgical procedures were followed as per the previously reported literatures
(Oehme et al. 2012; Cheng et al. 2021). Briefly, animals were anesthetized by a combination of ketamine
(75 mg/kg) and xylazine (10 mg/kg) half an hour prior to surgery. Hair was removed adjacent to lumbar
region; the surgical site was cleaned with absolute alcohol and povidone-iodine. A longitudinal incision
was made adjacent to the vertebral column (1.5 cm) at a depth of up to 10 mm. Excessive muscles were
removed until the disc could be visualized. The disc at the L5/6 level was punctured with a 22G needle to
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a depth of 2 mm, followed by a 360˚ rotation maintained for 30 seconds. For the treatment group(s), 10
µL of Stempeucel® was injected intradiscally (Fig. 1b). Following cell injection, the muscle layer was
closed with 4 − 0 sutures, and the skin was sutured using 2 − 0 sutures to ensure proper wound closure.
Post-operative care with 0.3 mg/kg buprenorphine (OD), followed by 5 mg/kg gentamicin, was
administered for up to 1 week.

Administration of cells (Dose used)
The conversion of treatment doses from human to rat and the concentrations required for rat injections
were calculated. The human dosages given are 5M, 10M, and 15M; these values represent the dosage
per kilogram for a human weighing 60 kg. Using a conversion ratio of 6.2, the human dosage was
converted to an equal rat dosage. The dosage required for a 400-gram rat is calculated and resuspended
in 5 µL. For injection, the resuspended cells (5 µL) are mixed with PlasmaLyte and HA (Supplementary
Table 4).

Behavioral Studies

Body weight assessment
To investigate the impact of needle puncture on body weight and to determine whether subsequent
treatment with Stempeucel® could reverse any effects, we measured the body weight of all the animals
from each group at day 0 for basal reading, followed by days 3, 7, 11, 14, 21, 28, 42, 56, 70, and 84
(Supplementary Table 5).

Tail Flick (Tail base)
Thermal hyperalgesia was studied using tail flick analgesiometer (Columbus instruments), where a
radiant heat stimulus (IR light) were exposed to the ventral part of the tail base (Lee et al. 2009). Before
applying the radiant heat, animals were acclimatized for 30 seconds. 10 seconds were kept as cut-off
time. The withdrawal latency was observed and differences calculated on weeks 1, 2, 4, 6, 8, 10, and 12.
(Supplementary Table 6).

von Frey (Injury site/Lumbar region)
To evaluate the mechanical allodynia, von Frey filaments were employed on weeks 1, 2, 4, 6, 8, 10, and 12
(Supplementary Table 7). Rats were habituated for 15–20 minutes prior by placing individually in a
compartmentalized enclosures with wire mesh floors. The test was conducted using a 2 g filament to
apply force at a specified site. A positive response was defined as animal exhibiting behaviors such as
flinching, licking, or withdrawal upon filament application. A negative response was recorded if the
animal showed no reaction, after which a higher-weight filament was applied. Upon a positive response,

Page 6/22



testing proceeded with a lower-weight filament. Then, we calculated the withdrawal threshold according
to SUDO method (Bonin et al. 2014; Glaeser et al. 2020).

Pinch meter (Hind paws)
The paw pressure test was used to determine response thresholds to mechanical pressure stimulation
for measuring mechanical hyperalgesia, involving the application of gradually increasing force to the
paw until withdrawal, vocalization was elicited (Jiang et al. 2023). The Randall-Selitto test was
performed by a hand-held device (Paw Pressure Test Apparatus, IITC). Animals were restrained in a
towel that provided access to the hind paws, and then animals were habituated to the restraint method
and the apparatus. Mechanical pressure is gradually applied to the plantar surface of the hind paw until
a nociceptive response occurs. The withdrawal response was recorded in same apparatus, providing an
objective quantification of the mechanical pain sensitivity. The cut-off threshold was kept at 250 g.
Differences in the withdrawal threshold were observed and calculated at weeks 1, 2, 4, 6, 8, 10, and 12
(Supplementary Tables 8 & 9).

Footprint analysis
Footprint analysis was used to assess the gait behavior and motor coordination (Olby et al. 2020). These
parameters were evaluated on weeks 1, 4, 6, 8, 10, and 12, following the needle puncture and after
Stempeucel® treatment using the manual method (Supplementary Fig. 2). The fore and hind paws were
marked with inks of distinct colours (blue and red, respectively), then the animals were placed on
absorbent paper enclosed within a cage border. To promote linear locomotion, a stimulus was presented
at the endpoint. The resulting footprint patterns were digitized, and representative images were analyzed
to evaluate motor coordination.

Staining and Immunohistology
For staining and immunohistology, animals were anesthetized at week 12, followed by transcardial
perfusion with 0.9% saline and 4% paraformaldehyde (PFA) to fix the tissues. The vertebral column from
the lumbar region containing the injury epicenter was excised and post-fixed in PFA at 4°C for 24 hours.
Samples were then decalcified in a decalcifying solution (Sigma, D0818-1L) for 18–20 hours. After tissue
processing through ascending ethanol series, paraffin embedding was performed in paraffin embedder
(Thermo Fisher, Histostar A81000002, USA). Further, longitudinal 5 µm thickness tissue sections were
prepared through microtome (Leica, 14051856372, Germany).

Hematoxylin and Eosin (H&E) staining
To visualize the architecture of disc following IVDD, we performed H&E staining at 12 weeks using a
commercially available kit (Abcam, ab245880, UK). After rehydration, tissue sections were stained for 1
minute with hematoxylin and rinsed with tap water, followed by dipped in blueing reagent for 10 seconds.
Then for 6 minutes sections were counterstained with eosin and washed 3 times with absolute alcohol
for 30 seconds each. Finally, the slides were mounted using DPX (Sigma, 06522). Furthermore, the
histological grading of stained sections were performed based on the histological classification criteria

Page 7/22



(Lai et al. 2021). Briefly, the scoring was recorded on the basis of cellularity and morphology of the disc,
boundary between NP and AF, and the structural appearance of endplate morphology (scores 0–2).
Based on the established grading criteria, score of 0 corresponds to a healthy disc, 1 to mild
degeneration, and 2 to severe degeneration. The total histological score ranges from 0, indicating a
normal disc, to a maximum of 16, representing severe degeneration. Histological specimens were
subjectively evaluated for tissue morphology, structural integrity, and histological score by researchers
who were blinded to the specimen identities.

Safranin O/ Fast Green Stain (SOFG)
SOFG were performed to examine proteoglycan-specific cartilaginous or glycosaminoglycans (GAG)
content after IVD degeneration (Lü et al. 1997) at 12 weeks. Briefly, after defatting the slides, followed by
rehydration with gradient ethanol and distilled water, sections were immersed in hematoxylin for 30
seconds and rinsed with running tap water. Then, the sections were dipped in 0.02% Fast Green Solution
(F7258) for 6 minutes, followed by 1% acetic acid for 10 seconds. The sections were then directly
immersed in 1% Safranin-O solution (S8884) for 5 minutes. Following that, sections were dehydrated in
absolute alcohol for 1–2 minutes. Subsequently, the slides were mounted. Furthermore, the GAG content
(stain intensity) was analyzed through image J, following an ROI were created through free hand tool,
then the selected areas were subjected to histogram analysis, then selected the RGB box, and changed
the notation of selected image from intensity (un weighted) to Red which is similar to (safranin) colour.
Mean intensity values were subsequently recorded for further analysis.

Masson’s Trichrome Staining (MT)
We performed the MT staining to identify the muscle fibers, collagen, and connective tissues of the IVD
(Leung et al. 2009; Gruber et al. 2005) after degeneration at 12 weeks using the Merck Masson-Goldner
staining kit (1.00485.0001, Merck) as per manufacturer instructions. After defatting and rehydration, the
sections were exposed for 1 minute with hematoxylin and washed with running water (3 minutes). Slides
were rinsed for 30 seconds with 1% acetic acid, followed by 6 minutes in Azophloxin solution, then
washed again with 1% acetic acid for 30 seconds. Subsequently, sections were dipped for 1 minute in
Orange G solution and rinsed with 1% acetic acid. This was followed by staining with Light Green SF
solution for 2 minutes, after which the slides were washed again with 1% acetic acid for 30 seconds. The
sections were then dehydrated through a graded series of ethanol (70%, 96%, and 100%) each for 30
seconds and mounted the slides using DPX. Furthermore, the percentage area of collagen
(fibrocartilaginous area) was quantified using ImageJ software. Image files were first opened and
processed using the Colour Deconvolution plugin with the Masson’s Trichrome setting. From the resulting
deconvoluted channels, the relevant collagen-specific (uncoloured) image was selected. Thresholding
was then applied to correct background variability based on a reference image. Particle analysis was
subsequently performed by selecting the parameters, including display results, summarize, and exclude
on edges. The mean percentage area values were then calculated for further quantitative analysis.

Immunohistochemistry (IHC)
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For IHC, deparaffinized the sections in xylene and a graded descending series of ethanol were used for
rehydration. Subsequently, the sections were incubated with primary antibodies (Supplementary
Table 10) at 4 ˚C for overnight. Next, following washing with Tween 20 (1% in PBS) sections were
incubated with secondary antibodies (Supplementary Table 11) for 1 hour at room temperature. The
sections were then incubated with DAPI (Sigma, D9542) diluted 1:1000 in 1× PBS for 10 minutes.
Following incubation, the sections were mounted with DPX mountant, and imaging was performed using
a confocal microscope. Then, the ROI subset was created in ZEISS (ZEN 3.9) software and quantified the
fluorescence intensity in ImageJ software for all the experimental groups.

Biodistribution (BD) Studies
The BD studies using histopathology and IHC were performed to examine biodistribution and toxicity of
Stempeucel® at both target and non-target sites.

To evaluate biodistribution and toxicity of MSCs, H&E staining was performed at weeks 1, 2, and 4. A
total of 6 rats (2 animal/time point) were divided into 2 groups, including HA only, and 15M. A dose of 10
µL of HA was administered in HA only group and a dose of 15M cells were injected in Stempeucel®
group. The 15M were prepared in 10 µL PlasmaLyte (vehicle) and injected intradiscal into the lower
lumbar (L5-L6) IVD. Subsequently, the administered site was checked to ensure there is no leakage post
injection. On days 7, 14 and 28 after injection, 2 animal/time point from each group were anesthetized by
intraperitoneal injection of ketamine and xylazine, the animals were perfused transcardially with 100 mL
of saline following 100 mL of 4% paraformaldehyde. Subsequently, various tissues including brain, heart,
lung, liver, kidneys, spleen, ovary, spinal cord, and IVD were harvested for further processing.

Assessment of the presence of Stempeucel® at weeks 4
and 8 using labelled cells
To examine the presence of Stempeucel® in to the rat disc at weeks 4 and 8, immunohistochemistry of
human nuclear antigen (HuNu) and DiO (468495-100MG) was performed on 8 rats. Groups at week 4
including needle puncture, 10M, and 10M + DiO, and for week 8, needle puncture, 15M, and 15M + DiO,
followed by histological assessment through H&E, SOFG and MT staining.

Statistical analysis
All data are presented as mean ± standard error of the mean (SEM). Statistical analyses were conducted
using GraphPad Prism software (version 8.0). Measurement data were analyzed using ordinary one way
and two-way analysis of variance (ANOVA), followed by Tukey’s post hoc test for comparisons among
three or more groups. The p values are given in the captions of respective figures.

Results

Characteristics of pooled MSCs
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Cryopreserved pooled BM-MSCs, upon thawing, showed consistently high post-thaw viability across all
three tested concentrations (5M/mL, 10M/mL, and 15M/mL), with viability percentages exceeding 80%
in all samples. Similarly, the viable cell recovery was above 80% for each batch, indicating that the
pooling and cryopreservation process preserved cell integrity effectively. Flow cytometry analysis of
pooled MSCs confirmed the expected immunophenotype. More than 90% of the cells expressed the
MSC-specific positive markers CD73, CD90, and CD105, while the expression of hematopoietic lineage-
negative markers CD34 and CD45 was below 10%, in compliance with ISCT minimal criteria.

The trilineage differentiation assay demonstrated that pooled BM-MSCs retained their multipotent
capacity post-expansion and cryopreservation. Adipogenic differentiation was evidenced by intracellular
lipid droplet accumulation stained with Oil Red O; osteogenic differentiation was confirmed by extensive
calcium deposition visualized by Alizarin Red S; and chondrogenic potential was shown by the presence
of cartilaginous matrix components stained with Safranin O (Supplementary Fig. 1). Collectively, these
results validate the functional and phenotypic characteristics of the pooled hBM-MSCs for further pre-
clinical applications.

No significant alterations in body weight following needle
puncture and subsequent treatment with Stempeucel®
No significant differences were observed in baseline body weight among the animals. Furthermore, all
groups showed typical variations in body weight, with no notable changes due to the injury. Similarly,
animals in the treatment group showed consistent body weight trends following needle puncture and
delivery of Stempeucel®, showing that the intradiscal administration of Cells did not cause any systemic
adverse effects (Fig. 1c).

Higher doses of Stempeucel® significantly reduce pain perception, enhance gait behavior, and improve
histological features in the later stages of injury

Animals from the needle puncture and Stempeucel®-treated groups exhibited a non-significant trend
toward reducing thermal hyperalgesia. While an increase in latency with higher doses at a later time
point was observed. In case of mechanical allodynia, the needle puncture group showed a significant
withdrawal threshold at week 6 following reversal with treatment of Cells. Thereafter, no significant trend
was observed until week 12. Mechanical hyperalgesia in the hind paw of the Stempeucel®-administered
group following the needle puncture resulted in significant improvements from week 3 to week 12. The
footprint data suggest that after needle puncture, all animals exhibited significant impairments in motor
coordination during forepaw-hind paw stepping. However, those treated with 10M and 15M
demonstrated marked improvements in gait and motor coordination compared to untreated group.
Whereas the sham animals remained unchanged throughout the testing period (Fig. 2a-d).

To evaluate the effect of Stempeucel® on the histological features of the disc after needle puncture, we
performed several staining techniques. The H&E staining results indicate that high doses of
Stempeucel® lead to significant morphological improvements characterized by enhanced structural
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integrity, as confirmed by histological scoring. Additionally, a marked elevation in proteoglycan contents
suggests enhanced ECM composition. Furthermore, we observed reduced fibrocartilaginous content in
NP region. These findings demonstrate the promising role of high-dose Stempeucel® in cartilage
regeneration at the later stages of injury (Fig. 2e-f).

Effect of high-dose Stempeucel® on proteoglycans,
chondrogenesis, and fibrosis
Immunohistology of Col-I, II, ACAN, TSK, and SOX9 was done to examine the therapeutic effects of
Stempeucel® following needle puncture of the rat disc. Statistical data demonstrate that treatment with
high doses of Stempeucel® significantly increases the expression of col-II and reduces tissue fibrosis,
thereby mitigating the adverse effects associated with excessive cell enlargement (Fig. 3a-c).

Moreover, a notable elevation in proteoglycan levels indicates improved ECM composition. A marked
chondrogenesis was also observed, pointing to increased cartilage formation or chondrogenesis. Finally,
the treatment promoted substantial tissue regeneration, highlighting the potential of high-dose
Stempeucel® therapy in NP repair and regeneration (Fig. 4a-f).

Absence of tissue abnormality in experimental group,
implying nontoxic effects of Stempeucel®
There are no alterations in morphology of all the isolated tissues; Brain (intact cortical neurons), Heart
(well oriented morphology of the cardiomyocytes), Lung (no alterations in lung cell structure like cell
swelling, shrinkage, or the presence of inflammatory cells infiltrating the alveolar spaces), Liver (well-
organized hepatocytes arranged in hepatic lobules with distinct nuclei and a uniform cytoplasm, no
signs of damage or toxicity in hepatocytes), Kidneys (no swollen or necrotic tubular cells, disrupted
glomerular structures, or inflammatory cell infiltration), Spleen (no parenchymal and capsular fibrosis),
Ovary (no stromal alterations like fibrosis edema, no sign of pyknotic nuclei of ovarian tissue), Spinal
cord (no morphological abnormality or neuronal damage). Along with these characteristics, IVD of
experimental animals exhibited a healthy and normal histological feature (Supplementary Fig. 3).

Furthermore, histological analysis revealed distinct variations in morphology, proteoglycan content, and
collagen fiber organization among the sham, PlasmaLyte, 10M, and 10M + DiO groups at week 4, as well
as in the 15M and 15M + DiO groups at week 8 (Fig. 5a-b). Additionally, immunohistochemical staining
for HuNu and DiO demonstrated a higher expression in discs treated with 15M cells at week 8 compared
to those treated with 10M cells at week 4. Moreover, a higher expression of HuNu at days 7, 14, and 28,
in the IVDs compared to those treated with HA only groups (Fig. 5c-e).

Discussion
LBP is a prevalent health condition that places a significant financial burden on society and leads to
long-lasting disability (Chen et al. 2022). It represents a major socioeconomic challenge in the United
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States, contributing to approximately 100 million lost workdays each year, with associated costs
estimated between $560–630 billion annually (Samanta et al. 2023). Despite the exact origin of LBP
being frequently unknown, IVDD is a primary source of LBP, characterizing evident morphological
changes that are caused by trauma, aging, or mechanical stress (Koroth et al. 2023). In advanced stages
of disc degeneration, NP cells exhibit marked downregulation of matrix components, loss of small and
large proteoglycans, which leads to reduced chondrogenesis, stiffening of NP cells, increased fibrosis,
and ultimately disc degeneration (Lin et al. 2019b). Consequently, there is a critical need to develop more
effective and regenerative therapeutic approaches for managing IVDD. Advances in regenerative
medicine, particularly hBM-MSCs, have shown significant therapeutic potential (Gómez-Barrena et al.
2018).

This study aims to evaluate the improve consistency and regenerative response of pooled MSCs, further
to assess dose-dependent efficacy using clinically relevant human-equivalent doses and to investigate
matrix homeostasis and remodeling mechanisms at the tissue level with 12-week follow up. Next, to
develop a reliable and safe approach for establishing an in-vivo model to allow precise induction of disc
injury while providing a straightforward and accessible route for evaluating novel therapeutic strategies.
Additionally, this model was employed to investigate the therapeutic outcomes of Stempeucel® in
mitigating disc degeneration. The pilot study was conducted to address a significant challenge: selecting
an appropriate needle size for cell delivery and establishing an optimal surgical approach. The 22G
needle is better for both creating the model and for delivering the Cells with an appropriate range of
damaging the disc. The lateral incision needle puncture method was selected due to its reduced risk of
spinal cord damage and better outcomes. We evaluated the varying dosages of Stempeucel®, i.e., HED
5M, 10M, and 15M cells in the main study.

Stempeucel® alleviates pain perception and significantly improves histological features, with more
pronounced therapeutic effects observed in the higher dosage group. In the needle puncture-induced
IVDD, animals exhibit altered behavioral and histological parameters indicative of discogenic pain and
functional impairment (Lai et al. 2015; Bergmann et al. 2022). These changes include increased
sensitivity to mechanical and thermal stimuli, decreased locomotor activity, and altered gait patterns
(Gorney et al. 2016). Such behavioral alterations reflect the onset and progression of pain associated
with disc degeneration, mimicking clinical symptoms. The performed behavioral tests in this study
indicated significant pain alleviation in the pinch meter and improved motor function in the treated
groups compared to the needle puncture groups. Histopathological analysis showed preservation of NP
integrity, proteoglycans, and reduced fibrocartilaginous content into the NP region in the treatment
groups, particularly with higher doses of formulation. Stempeucel® upregulates the expression of NP
matrix components Col-II and chondrogenic marker SOX9 in NP cells during the later stages of injury. In
the needle puncture group, there is a marked reduction in the expression of key NP matrix components,
particularly Col-II at week 12, which is essential for maintaining disc structure and function (Chou et al.
2003). This decline is accompanied by impaired chondrogenesis in NP cells (Khalid et al. 2023),
reflecting a shift away from their native phenotype and contributing to the progressive deterioration of
the ECM (Penolazzi et al. 2022). The reduced Col-II expression not only compromises the biomechanical
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properties of the disc but also indicates a loss of the tissue’s regenerative potential (Davis et al. 2021).
IHC data confirmed the presence and effect of Stempeucel® at higher doses, as evidenced by the
elevated expression of key regenerative markers, including Col-II and SOX9. The treatment
downregulates the expression of cellular fibrosis (Col-I) in the NP cells. Following needle puncture, there
is a notable increase in the expression of fibrotic marker Col-I and transformation of NP cells. This
upregulation reflects a phenotypic shift from a healthy state to a more fibrotic and degenerative profile
(Chen et al. 2023; Lin et al. 2020), contributing to the disruption of normal ECM composition and
biomechanical integrity of the disc. However, treatment with the injectable Stempeucel® markedly
downregulates Col-I expression in NP cells during the later stages of degeneration, suggesting its
potential to mitigate fibrotic remodeling and support tissue regeneration. Stempeucel® enhances ECM
composition in NP cells by promoting the synthesis of both large and small proteoglycans. In the needle
puncture group, progressive destabilization of the ECM is evident, characterized by a significant
reduction in the expression of key structural components (most notably ACAN), a major large
proteoglycan critical for maintaining the hydration and mechanical properties of the NP (Empere et al.
2023), and its depletion severely compromises disc function (Sivan et al. 2014). Additionally, the
expression of small leucine-rich proteoglycans (SLRP) TSUKUSHI or TSK is also downregulated following
treatment, further contributing to ECM disorganization and impaired tissue integrity (Chen et al. 2017).
Here, the injectable Stempeucel® enhances the ECM composition of NP cells by stimulating the
synthesis of both large and small proteoglycans, such as ACAN, and TSK respectively.

Conclusion
In summary, we report that the lateral incision approach is an effective way for intradiscal delivery in the
lumbar region. These findings suggest that Stempeucel® combined with HA represents a promising
therapeutic approach for IVDD. The treatment not only alleviated pain but also promoted regeneration of
the disc, as evidenced by the marked upregulation of chondrogenic markers and maintenance of disc
structure. This aligns with previous studies highlighting the regenerative and chondro-protective
properties of Stempeucel®. The comprehensive approach, incorporating behavioral assessments and
detailed histological analysis, strengthens the validity of the model and the potential applicability of the
treatment clinically.

Although the findings suggest the Stempeucel® alleviated pain, improved gait and histological features,
and improved key chondrogenic and ECM markers. Still there is a room for improvement, such as the
study lacking advanced imaging techniques, and detailed mechanistic investigations. Also, the study
was performed in rodents which is lacks the translational relevance as the large animal models would be
more appropriate.
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Figures

Figure 1

No significant alterations in body weight following needle puncture and subsequent treatment with
Stempeucel®.(a) Represents the experimental design. (b) Surgical procedure of lateral incision
approach of needle puncture. (c) Body weight assessment days 0 to 84 (n=6). Data represent body
weight assessments at days 0, 3, 7, 11, 14, 21, 28, 42, 56, 70, and 84 after lumbar disc puncture. Two-way
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ANOVA, followed by Tukey’s Multiple Comparison Test as post hoc evaluation, was performed for
statistical analysis. Results are presented as mean ± SEM.

Figure 2

Higher doses of Stempeucel® significantly reduce pain perception, enhance gait behavior, and improve
histological features in the later stages of injury. (a) Graph represents tail withdrawal latency time, (b)
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mechanical allodynia, (c) paw withdrawal threshold of hind paw (n=6). Data are represented as mean ±
SEM. Data represent pain behaviour assessments at weeks 1, 2, 3, 4, 6, 8, 10, and 12 after lumbar disc
puncture, comparing sham with injury and treatment groups (n=6). Statistical analysis was conducted
using two-way ANOVA, followed by Tukey’s Multiple Comparison Test for post hoc analysis. Data are
presented as mean ± SEM. **p < 0.01: Sham vs Injury (Week 3), **p < 0.01: Sham vs Injury (Week 6), ***p
< 0.001: Sham vs Injury (Weeks 4, 8, 10, and 12), #p < 0.05: Injury vs Treatment 10M (Week 3); Treatment
5M and 10M (Week 4), ##p < 0.01: Injury vs Treatment 5M (Week 3); Treatment 15M (Week 6), ###p <
0.001: Injury vs Treatment 15M (Weeks 4, 8, 10, and 12). (d) Assessment of gait behaviour by footprint
method at weeks 1 and 12, comparing sham with injury and treatment groups. (e) Assessment of tissue
morphology, proteoglycan content, and collagen fibers was performed using H&E, SOFG, and MT staining
in sham, PlasmaLyte, HA, and Stempeucel® treatment groups (5M, 10M, and 15M) at week 12 (scale
bar: 400 µm). (f) Histological score of H&E staining (n=3). Statistical significance: ***p < 0.001 for Sham
vs Injury, ##p < 0.01for Injury vs 5M Treatment, and ###p < 0.001 for Injury vs 10M and 15M Treatments.
(g) Quantification of GAG content (SOFG staining) n=3. Statistical significance: **p < 0.01 for Sham vs
Injury, #p < 0.05for Injury vs 10M Treatment, and ##p < 0.01 for Injury vs 15M Treatments. (h)
Quantification of % collagen area (MT staining) n=3. Statistical significance: *p < 0.05 for Sham vs Injury,
#p < 0.05 for Injury vs 15M Treatment.

Figure 3

Effect of high-dose Stempeucel® on NP phenotype cells and cellular hypertrophy.(a) Representative
IHC images of Col-I and II, at week 12, used to assess fibrosis and the presence of phenotype cells in the
NP region across all experimental groups. (b) % mean fluorescence intensity of Col-I (scale bar: 100 µm).
Statistical significance: ***p < 0.001 for Sham vs Injury, #p < 0.05for Injury vs Treatment 5M and 10M,
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##p < 0.01 for Injury vs Treatment 15M. (c) % mean fluorescence intensity of Col-II (n=3). Statistical
analysis was performed using one-way ANOVA followed by Tukey’s Multiple Comparison Test. Data are
presented as mean ± SEM. Significance: **p < 0.01 represents Sham vs Injury, ##p < 0.01 represents
Injury vs Treatment 10M, ###p < 0.001represents Injury vs Treatment 15M.

Figure 4

Effect of high-dose Stempeucel® on large and small proteoglycans, and chondrogenesis. (a)
Representative IHC images of ACAN, (b) % mean fluorescence intensity of ACAN (n=3). scale bar: 100
µm. ***p < 0.001 represents Sham vs Injury, ###p < 0.001represents Injury vs Treatment 15M. (c) SOX9 in
the NP region of sham, injury, HA, 5M, 10M, and 15M at week 12. (d) % mean fluorescence intensity of
SOX9 (n=3) scale bar: 100 µm. (e) TSK for the assessment of TSK in the ECM of NP region. (f) % mean
fluorescence intensity of TSK (n=3, scale bar: 25 µm). ***p < 0.001 represents Sham vs Injury, #p <
0.05represents Injury vs Treatment 10M, ###p < 0.001 represents Injury vs Treatment 15M. Statistical
analysis was carried out by one-way ANOVA, followed by post hoc analysis by Tukey’s Multiple
Comparison Test. Data are represented as mean ± SEM.
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Figure 5

(a) Assessment of morphology, proteoglycan content, and collagen fibers through H&E, SOFG, and MT
staining at weeks 4 of the sham, PlasmaLyte, 10M, 10M+DiO followed by (b) at weeks 8 sham,
PlasmaLyte, 15M, 15M+DiO (scale bar: 400 µm). (c-d) IHC images stained with DAPI, and HuNu, at days
7, 14, and 28 for the assessment of the presence of hBM-MSCs in IVDs of HA and hBM-MSCs treated
groups (scale bar: 50 µm). (e) Results of IHC images stained with DAPI, HuNu, and DiO at weeks 4 (10
million) and 8 (15 million) for the assessment of the presence of hBM-MSCs in all the experimental
groups. Scale bar: 200 µm (n=8/week).
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