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Abstract

Background: Dysregulated polarization of spinal microglia is a key contributor to the pathophysiology of bone cancer pain (BCP).
Bone marrow-derived mesenchymal stromal cells (BMSCs) have demonstrated significant analgesic and microglial-modulatory effects
in various pain models. The nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling pathway is impli-
cated in the regulation of microglial polarization. However, the specific role and mechanistic basis of intrathecally administered BMSCs
in influencing spinal microglial polarization during BCP remain to be fully clarified. In this study, we investigated the impact of in-
trathecal administration of BMSCs on spinal microglial polarization in a rat model of BCP, and assessed the potential contribution of
the Nrf2/HO-1 signaling pathway to this process. Methods: In a rat model of BCP, animals received three intrathecal injections of
2 × 106 BMSCs at every other day. Pain behavioral tests, including measurements of the 50% paw withdrawal threshold (PWT) and
the number of spontaneous flinches (NSF), were assessed before and after BMSCs administration. The CatWalk automated gait anal-
ysis system was employed to quantify BMSC-mediated amelioration of BCP-associated locomotor deficits. Protein expression levels
of the pro-inflammatory microglial markers cluster of differentiation 86 (CD86) and inducible nitric oxide synthase (iNOS), along with
the anti-inflammatory markers CD206 and Arginase-1 (Arg-1), as well as key components of the Nrf2/HO-1 signaling pathway, were
measured in spinal cord tissues using Western blot and immunofluorescence staining. In addition, a non-contact co-culture system of
BMSCs and lipopolysaccharide (LPS)-activated BV2 cells was established. The expression of CD86, iNOS, CD206, Arg-1, and pathway
components, together with the mRNA levels of the inflammatory cytokines interleukin (IL)-1β and IL-10, were analyzed via Western
blot, immunofluorescence, and quantitative real-time PCR (RT-qPCR). Results: Intrathecal injection of BMSCs significantly alleviated
established pain behaviors in BCP rats, as evidenced by increased 50% PWT, reduced NSF, and normalized gait parameters. At the
molecular level, BMSC treatment downregulated the spinal cord expression of the pro-inflammatory markers CD86 and iNOS while
concurrently upregulating the anti-inflammatory markers CD206 and Arg-1. In the co-culture system, BMSC enhanced the activation of
the Nrf2/HO-1 signaling pathway within LPS-stimulated BV2 cells. This enhancement was associated with a reduction in the expression
of CD86 and iNOS, an increase in CD206 and Arg-1, decreased levels of IL-1β, and elevated levels of IL-10. Conclusions: Intrathecal
administration of BMSCs effectively attenuates pain in BCP rats by shifting spinal microglial polarization from a pro-inflammatory to-
ward an anti-inflammatory phenotype. The observed modulation of microglial polarization by BMSCs is consistent with an involvement
of the Nrf2/HO-1 signaling pathway.
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1. Introduction
Bone cancer pain (BCP) is a severe and often in-

tractable type of pain resulting from bone metastasis in pa-
tients with advanced breast, lung, or prostate cancer, sig-
nificantly impairing their quality of life [1,2]. Current clin-
ical management of BCP follows the World Health Organi-
zation (WHO) analgesic ladder, primarily relying on non-
steroidal anti-inflammatory drugs (NSAIDs) and opioids
for pain control [3]. However, long-term use of these drugs
can lead to systemic adverse effects such as nausea, vom-
iting, constipation, gastrointestinal ulcers, and hepatorenal
toxicity, along with the risks of opioid tolerance and addic-
tion [4,5]. These intolerable side effects often necessitate

discontinuation of therapy, resulting in inadequate pain re-
lief. Therefore, there exists a critical and unmet need to de-
velop alternative, better-tolerated strategies for BCP man-
agement.

The mechanisms of BCP are complex. They include
the compression, infiltration, and destruction of peripheral
sensory nerve endings by tumor tissue and its locally acidic
microenvironment. This process sensitizes peripheral noci-
ceptive neurons and triggers neuroinflammatory responses
and central sensitization at both the spinal and supraspinal
levels [6]. Within the pathogenesis of BCP, neuroinflam-
matory processes occurring in the dorsal horn of the spinal
cord occupy a position of central importance. The exces-

https://www.imrpress.com/journal/JIN
https://doi.org/10.31083/JIN47234
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0001-0909-2605
https://orcid.org/0000-0001-6660-2504
https://orcid.org/0009-0005-4310-5077
https://orcid.org/0000-0003-3999-4770


sive activation of spinal glial cells precipitates the release of
a plethora of inflammatory mediators, which in turn drives
the sensitization of pain-transmitting neurons [7]. Within
the central nervous system, microglia function as resident,
macrophage-like immune sentinels. They are primary me-
diators of the intrinsic immune response triggered by neu-
ral damage or pathological conditions [8]. Substantial evi-
dence now positions aberrant microglial activation as a crit-
ical mechanistic component in BCP and a promising point
for therapeutic intervention [9,10,11]. In the context of
BCP, activated spinal microglia predominantly adopt a pro-
inflammatory polarization state, accompanied by a relative
diminution of anti-inflammatory activity and the excessive
production of pro-inflammatory cytokines such as inter-
leukin (IL)-1β and tumor necrosis factor-α (TNF-α) [12].
Thus, therapeutic strategies aimed at rebalancing excessive
microglial activation and correcting this polarization imbal-
ance hold significant potential for BCP treatment.

The transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2) serves as a master regulator of cellu-
lar antioxidant responses and plays a pivotal role in control-
ling the expression of genes involved in anti-inflammatory
processes [13]. A key downstream effector of Nrf2 is
the enzyme heme oxygenase-1 (HO-1), which catalyzes
the degradation of heme to generate carbon monoxide,
biliverdin, and free iron. This reaction confers not only
direct antioxidant and anti-apoptotic benefits but also con-
tributes to the suppression of inflammatory signaling by in-
hibiting the activation of the NOD-like receptor pyrin do-
main containing 3 (NLRP3) inflammasome and the subse-
quent release of pro-inflammatory cytokines, thereby pro-
moting immune homeostasis [14,15]. Preclinical research
has established that pharmacological or genetic activation
of the Nrf2/HO-1 pathway yields potent analgesic effects in
various pain models [16,17]. Moreover, pathway activation
can favorably modulate microglial polarization, driving a
shift from a pro-inflammatory to an anti-inflammatory phe-
notype and ameliorating neuroinflammation [18]. There-
fore, targeting the Nrf2/HO-1 signaling pathway emerges as
a promising strategy to rectify the imbalance in microglial
polarization that contributes to BCP.

Bone marrow-derived mesenchymal stromal cells
(BMSCs) aremultipotent stromal cells widely present in the
bone marrow of mammals. Their potent anti-inflammatory
and immunomodulatory properties have generated signifi-
cant attention in the field of pain research [19,20,21].

Importantly, the mechanism by which BMSCs attenu-
ate BCP involves the suppression of pathological microglial
activation [22]. However, a detailed understanding of how
intrathecally delivered BMSCs influence the specific po-
larization imbalance of microglia in the setting of BCP re-
mains incomplete. To address this gap, the present study
was undertaken to investigate the effects of intrathecal BM-
SCs administration on microglial polarization states within
the spinal cord of BCP rats and in a complementary in vitro

microglial activation system, with a parallel aim of assess-
ing the involvement of the Nrf2/HO-1 signaling pathway in
this regulatory process.

2. Materials and Methods
2.1 Animals

The study used female Sprague-Dawley rats with an
initial body weight of 200 ± 20 g. These animals were sup-
plied by Changsheng Bio-technology Co., Ltd. (Lianyun-
gang, Jiangsu, China). Rats were acclimatized for a period
of seven days within a specific pathogen-free (SPF) facil-
ity at the Experimentation Center of Dalian Medical Uni-
versity. Housing conditions were rigorously controlled and
maintained at a temperature of 22 ± 2 °C, a relative humid-
ity of 55 ± 5%, and under a 12-hour light/dark cycle. Stan-
dard rodent chow and filtered water were provided. 18 rats
were randomly allocated into three experimental groups (n
= 6 per group): (1) SHAM, (2) BCP, and (3) BMSCs group.
By administering 3% isoflurane, euthanasia was performed.
All procedures involving animals were conducted in strict
accordance with the approved guidelines, the 3R principles,
and the reporting standards outlined in the ARRIVE guide-
lines 2.0, with the objectives of minimizing animal usage
and alleviating potential distress.

2.2 Preparation of Walker 256 Cells
The Walker 256 rat mammary carcinoma cell line

served as the source for establishing the BCP model. This
cell line was a generous gift from Professor Dong Chang-
sheng of the Shanghai Institute of Traditional Chinese
Medicine. Prior to use, the cells were validated by STR
profiling and confirmed to be free of mycoplasma contam-
ination through testing with a dedicated PCR-based detec-
tion kit (C0301S, Beyotime, Shanghai, China).

Cells were routinely cultured in a humidified incuba-
tor (set at 37 °C with 5% CO2) in high-glucose DMEM
medium (11965092, Gibco, Waltham, MA, USA) enriched
with 10% fetal bovine serum (FSP500, Excell, Suzhou,
China) and 1% penicillin-streptomycin (15140122, Gibco,
Waltham, MA, USA). A suspension containing 5 × 106
Walker 256 cells (in 0.5mL)was administered via intraperi-
toneal injection into rats (80–100 g). Ascites was harvested
5–7 days post-injection, followed by centrifugation at 300
×g for 5 minutes and red blood cell lysis (R1010, Solarbio,
Beijing, China). Finally, the pelleted cells were washed and
resuspended in ice-cold PBS at 1 × 105 cells/µL for subse-
quent applications.

2.3 Establishment of the BCP Rat Model
Before initiating the model induction, all rats under-

went screening for mechanical allodynia and spontaneous
pain. Only animals exhibiting normal baseline pain thresh-
olds were included in the subsequent procedures. The BCP
model was established following an established protocol
[23]. In brief, anesthesia was induced with 3% isoflurane
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(R510-22, RWD, Shenzhen, Guangdong, China), and the
left hind limb surgical site was prepared with 75% ethanol.
The patellar ligament was exposed through a 0.5–1 cm
knee joint incision. The tibial bone marrow cavity was
accessed by inserting a 23-gauge needle through the tibial
plateau. This needle was then carefully exchanged for a 10
μL Hamilton microsyringe to administer 5 μL of the freshly
prepared Walker 256 cell suspension (1 × 105 cells/μL).
Hemostasis and closure were achieved by sealing the punc-
ture site with sterile bone wax and closing the skin incision
using sterile sutures. SHAM group rats underwent an iden-
tical procedure but received a 5 μL intra-tibial injection of
sterile PBS instead of cells.

2.4 Preparation and Characterization of BMSCs

Rat BMSCs utilized in this study were sourced from
the Stem Cell Bank of the Chinese Academy of Sci-
ences (Catalog No. SCSP-402). Prior to experimen-
tal use, the absence of mycoplasma contamination in
the cell stock was verified using a commercial PCR-
based detection kit (C0301S, Beyotime, Shanghai, China).
Third-passage cells were then cultured in MEM medium
(C12571500BT, Gibco,Waltham,MA, USA) enriched with
10% fetal bovine serum (FSP500, Excell, Suzhou, Jiangsu,
China) and 1% penicillin-streptomycin (15140122, Gibco,
Waltham, MA, USA) at 37 °C with 5% CO2. For sur-
face marker analysis, BMSCs were incubated for 30 min-
utes at 4 °C with a panel of fluorescent antibodies: fluo-
rescein isothiocyanate (FITC)-anti-cluster of differentiation
(CD)29, phycoerythrin (PE)-anti-CD44, allophycocyanin
(APC)-anti-CD90, PerCP-eF710-anti-CD11b/c (2702188,
12044181, 2311266, 46011082, eBioscience, San Diego,
CA, USA), and Pacific Blue-anti-CD45 (202225, BioLe-
gend, San Diego, CA, USA). Analysis was conducted us-
ing a flow cytometer (BD FACSAria III, BD Life Sci-
ences, Milpitas, CA, USA). For analysis, negative popu-
lations were defined using unstained control cells from the
same passage. The gating strategy was established to en-
sure that over 99.5% of events from the unstained control
fell within the negative gate for each channel. To assess
multilineage differentiation potential, BMSCs were treated
with commercial induction kits for osteogenesis (hMODM-
100, XRbiotech, Hangzhou, Zhejiang, China), adipogene-
sis, and chondrogenesis (H1016, H1017, Jinyuan, Shang-
hai, China) following the manufacturers’ protocols. Post-
induction, Alizarin Red S, Oil RedO, andAlcian Blue stain-
ing (ALIR-10001, OILR-10001, ALCB-10001, OriCell,
Shanghai, China) were performed to detect osteogenic, adi-
pogenic, and chondrogenic differentiation.

2.5 Intrathecal Injection of BMSCs

BMSCs (2 × 106 cells in 20 μL suspension) were de-
livered via intrathecal injection once daily on days 7, 9, and
11 after BCP model induction. Under anesthesia induced
by 3% isoflurane, rats were positioned prone on a surgical

platform. Following shaving and disinfection of the dorsal
area with 75% ethanol, a 50 μL Hamilton microsyringe was
carefully advanced through the intrathecal space between
the L4 and L5 vertebrae. Correct placement was confirmed
by a transient loss of resistance upon piercing the duramater
and, in some cases, by the aspiration of a small amount of
clear cerebrospinal fluid. Following confirmation of proper
needle placement, the BMSCs suspension was slowly in-
fused. SHAM group animals underwent the identical pro-
cedure but received 20 μL of sterile PBS instead of cells.

2.6 X-ray Examination
Radiographic examination was performed on day 7

following intra-tibial inoculation of Walker 256 cells. Un-
der 3% isoflurane anesthesia, rats were positioned in a
prone posture with the left hind limb outstretched laterally.
Bone destruction in the left tibia was assessed by scanning
and imaging using the MultiFocus system (MultiFocus 2,
Faxitron Bioptics LLC, Tucson, AZ, USA).

2.7 Hematoxylin-Eosin (HE) Staining
The left tibiae were collected on day 7 following intra-

tibial inoculation of Walker 256 cells. The bone sam-
ples were fixed by immersion in 4% paraformaldehyde
(BL539A, Biosharp, Beijing, China) for a duration of 48
hours at 4 °C. Subsequently, the fixed bones were decalci-
fied by immersion in a 10% EDTA solution (E1171, So-
larbio, Beijing, China) with the solution refreshed every
2–3 days, for a total period of two weeks. The decal-
cified tibiae were then processed for paraffin embedding
(39601006, Leica, Wetzlar, Germany). Sectioning was per-
formed sagittally at 4 μm thickness on a rotary microtome
(RM2235, Leica), and collected onto poly-L-lysine-coated
glass slides. The staining procedure involved deparaffiniza-
tion in xylene, rehydration through a graded ethanol series,
and application of reagents from a commercial HE Staining
Kit (C0105S, Beyotime, Shanghai, China), strictly accord-
ing to standardized protocol. Finally, slides were mounted
with neutral balsam, and observation was performed using
a bright-field microscope (BX53, Olympus, Tokyo, Japan)
for image acquisition.

2.8 Behavioral Tests
Assessments for mechanical allodynia and sponta-

neous pain were conducted one day before the induction
of the BCP model, with subsequent evaluations performed
on post-inoculation days 4, 7, 9, 11, and 13. Testing oc-
curred between 9:00 AM and 2:00 PM. The assessor was
unaware of group allocations throughout the experiment.
Prior to testing, a two-day habituation period to the envi-
ronment was provided.

Mechanical allodynia testing utilized von Frey fila-
ments (58011, Stoelting, Wood Dale, IL, USA), with the
50% paw withdrawal threshold (PWT) determined using
the well-established Dixon up-down paradigm [24]. In
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brief, each rat was individually placed in a transparent
acrylic chamber positioned atop an elevated wire mesh grid
and allowed to acclimate for 30 minutes. A blinded exper-
imenter then applied a series of eight von Frey filaments,
with bending forces ranging from 1.0 to 15.0 grams (specif-
ically: 1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, and 15.0 g), per-
pendicularly to the mid-plantar surface of the left hind paw.
Each filament was applied until slight bending occurred and
was held for 5–6 seconds, with a minimum inter-stimulus
interval of 5minutes. A sharpwithdrawal or flinching of the
paw during application was recorded as a positive response.
The testing sequence followed the up-down paradigm: fol-
lowing the first change in response, an additional five stim-
uli were administered, with the filament force decreased
one level after a positive response and increased one level
after a negative response. The 50% PWT (in grams) was
calculated offline using the formula: 50% PWT = 10(Xf+κδ),
where Xf represents the log value of the final filament used,
κ is a tabulated value based on the pattern of responses,
and δ is the mean logarithmic interval between filaments
(0.224). If no response was elicited by the 15.0 g filament,
a cutoff value of 15.0 g was assigned.

Spontaneous pain was evaluated by counting the num-
ber of spontaneous flinches (NSF) over a 2-minute period
[25]. Each rat was placed alone in a transparent observation
chamber. Any brisk lifting, shaking, or licking of the hind
limb that was not associated with locomotion or grooming
was counted as a spontaneous flinch. Each rat underwent
five trials, with a rest interval of at least 10 minutes between
consecutive trials. The mean NSF score from these five tri-
als was used for subsequent analysis.

2.9 CatWalk Gait Analysis
On post-modeling day 13, gait function was evaluated

using the CatWalk system (version 10.6, Noldus, Wagenin-
gen, The Netherlands) in accordance with a previously de-
scribed protocol [26]. Individual rats were introduced into
the apparatus from the open end of an enclosed corridor and
encouraged to traverse it freely under illumination from red
light-emitting diodes. Locomotor activity was recorded by
a camera positioned below the transparent walkway floor,
and the collected data were processedwith the system’s pro-
prietary analysis software (version 10.0, Noldus, Wagenin-
gen, The Netherlands). A trial was deemed acceptable for
analysis if it contained a minimum of three consecutive,
complete step cycles or one full, uninterrupted traversal of
the corridor. The analysis focused on two parameters rel-
evant to BCP: (1) Max Contact Area, which refers to the
greatest surface area of the hind paw in contact with the
platform during a stance phase, and (2) Max Contact Max
Intensity, denoting the peak pressure value detected at the
instant of maximal paw contact. For each parameter, results
are presented as the value obtained from the left hind paw
expressed as a percentage of the corresponding value from
the contralateral (right) hind paw.

2.10 Co-Culture of BMSCs and BV2 Cells
The microglial BV2 cell line (TCM-C718, HyCyte,

Suzhou, Jiangsu, China) was used in this study. This cell
line is well-characterized and widely used in neuroscience
research. The cells typically exhibit a semi-adherent, amoe-
boid morphology with extending processes, consistent with
activated microglia. Phenotypically verified, BV2 cells ex-
press characteristic microglial markers such as CD11b. The
cell line was confirmed to be mycoplasma-free via PCR
testing (Mycoplasma PCR Detection Kit, C0301S, Bey-
otime, Shanghai, China). Cells were maintained in DMEM
(11965092, Gibco, Waltham, MA, USA) containing 10%
fetal bovine serum (FSP500, Excell, Suzhou, China) and
1% penicillin-streptomycin (15140122, Gibco, Waltham,
MA, USA) within a humidified incubator at 37 °C with 5%
CO2.

The co-culture was performed using 6-well plate for-
mat Transwell inserts featuring permeable membranes with
a pore size of 0.4 μm (3470, Corning, Corning, NY, USA).
The experimental design comprised four groups: (1) Con-
trol (CON) group : BV2 cells only (1 × 106 cells/well in
lower chamber); (2) lipopolysaccharide (LPS) group: BV2
cells (1 × 106 cells/well in lower chamber) stimulated with
1 μg/mL LPS; (3) BMSCs group: BV2 cells (1 × 106
cells/well in lower chamber) treated with 1 μg/mL LPS and
co-cultured with BMSCs (1 × 104 cells/well in upper cham-
ber); (4) ML385 group: BV2 cells (1 × 106 cells/well in
lower chamber) treated concurrently with 1 μg/mL LPS and
the Nrf2 inhibitor ML385 (20 μM), and co-cultured with
BMSCs (1 × 104 cells/well in upper chamber).

2.11 Immunofluorescence Staining
On day 13 following BCP model induction, rats re-

ceived a terminal anesthesia with 3% isoflurane. Sys-
temic perfusion was then performed via the left cardiac
ventricle, sequentially using normal saline followed by 4%
paraformaldehyde until the liver appeared uniformly pale.
The L4–L6 segments of the spinal cord were dissected,
post-fixed by immersion in 4% paraformaldehyde for 24
hours at 4 °C, and cryoprotected through immersion in a
graded sucrose series (10%, 20%, 30%). Subsequently,
tissues were embedded in Optimal Cutting Temperature
(OCT) compound (BL557A, Biosharp, Beijing, China) and
stored at −80 °C until sectioning. Coronal sections of the
spinal cord were cut at a thickness of 20 μm using a cryo-
stat (CM1950, Leica, Wilmington, DE, USA) and trans-
ferred onto adhesive microscope slides (188105W, Citotest,
Haimen, Jiangsu, China). For immunofluorescence stain-
ing of spinal cord sections, in brief, slides were blocking
in 5% goat serum (C0265, Beyotime) for 1 hour at room
temperature and then incubated overnight at 4 °C with the
following primary antibodies: mouse anti-ionized calcium-
binding adapter molecule 1 (IBA-1, A27316, Abclonal,
1:300, Wuhan, Hubei, China), rabbit anti-inducible nitric
oxide synthase (iNOS, AF0199, Affinity, 1:200), and rab-
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bit anti-CD206 (DF4149, Affinity, 1:200). For staining
of BV2 cells, cells were first rinsed three times with PBS
and then fixed with 4% paraformaldehyde for 10 minutes
at room temperature, permeabilized with 0.3% Triton X-
100 (T8200, Solarbio) in PBS for 8 minutes, and blocked
using a commercial blocking buffer (P0102, Beyotime) for
1 hour. The cells were subsequently incubated overnight
at 4 °C with rabbit anti-Nrf2 primary antibody (80593-1-
RR, Proteintech, 1:500, Rosemont, IL, USA). The follow-
ing day, both tissue sections and cells were incubated with
Alexa Fluor 488-conjugated secondary antibody (AB0141,
Abways, 1:500, Shanghai, China) for 1 hour at room tem-
perature. Additionally, sections stained for IBA-1 were in-
cubated with an Alexa Fluor 594-conjugated secondary an-
tibody (AB0152, Abways, 1:500, Shanghai, China). Nuclei
were visualized by counterstaining with a 4′,6-diamidino-
2-phenylindole (DAPI) mounting medium (ab104139, Ab-
cam, Cambridge, UK). Fluorescent imaging was conducted
on a CellVoyage CQ1 analysis system (Yokogawa, Tokyo,
Japan). Quantitative analysis of fluorescence signals was
performed by an investigator blinded to the experimental
conditions utilizing ImageJ software (version 1.54, NIH,
Bethesda, MD, USA). Data presented are the mean values
derived from three independent experimental replicates.

2.12 Western Blot

Protein samples were extracted from the L4–L6 spinal
cord segments of rats (day 13 post-modeling) and from har-
vested BV2 cells using radio-immunoprecipitation assay
(RIPA) lysis buffer (P0013B, Beyotime, Shanghai, China)
supplementedwith protease/phosphatase inhibitors (P1045,
Beyotime). Protein concentrations were determined with
a bicinchoninic acid (BCA) assay kit (ZJ101, Epizyme,
Cambridge, MA, USA). Equal amounts of protein (30
μg per lane) were resolved by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
sequently transferred onto polyvinylidene fluoride (PVDF)
membranes (IPVH00010, Millipore, Billerica, MA, USA).
The membranes were blocked with 5% non-fat milk in
tris-buffered saline with tween 20 (TBST) for 1.5 hours at
room temperature, followed by incubation overnight at 4
°C with the following primary antibodies: rabbit anti-CD86
(DF6332, Affinity, 1:1000, Jiangsu, China), rabbit anti-
iNOS (AF0199, Affinity, 1:1000, Jiangsu, China), rabbit
anti-Arginase-1 (Arg-1, 93668, Cell Signaling Technology,
1:1000, Danvers, MA, USA), rabbit anti-CD206 (DF4149,
Affinity, 1:1000, Jiangsu, China), rabbit anti-Nrf2 (80593-
1-RR, Proteintech, 1:1000, Wuhan, China), rabbit anti-
HO-1 (AF5393, Affinity, 1:1000, Jiangsu, China), and
rabbit anti-β-actin (GB15003, Servicebio, 1:3000, Wuhan,
China). After washing, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
body (AS014, Abclonal, 1:5000, Wuhan, Hubei, China)
for 1 hour at room temperature. Protein bands were vi-
sualized using an enhanced chemiluminescence substrate

(WBKLS0500, Millipore, Darmstadt, Germany) and im-
aged with a ChemiDoc XRS+ system (1708265, Bio-Rad,
Shanghai, China). Band intensities were quantified with
ImageJ software (version 1.54, NIH) and normalized to β-
actin. Data are presented as mean relative expression from
three independent experiments. Uncropped Western blot
images are provided in the Supplementary Material.

2.13 Quantitative Real-Time PCR (RT-qPCR)
Total RNA was isolated from BV2 cells using the

SteadyPure Quick RNA Extraction Kit (AG21023, Ac-
curate Biology, Changsha, Hunan, China) following pro-
vided protocol. Contaminating genomic DNA was elim-
inated, and first-strand cDNA was synthesized using the
Evo M-MLV RT Mix Kit (AG11728, Accurate Biology,
Hunan, China). RT-qPCR was performed on a 7500
Fast Real-Time PCR System (4351106, Thermo Fisher,
Waltham, MA, USA) using the SYBR Green qPCR Kit II
(AG11702, Accurate Biology). The CFX Manager soft-
ware (version 3.0, Bio-Rad, Shanghai, China) was used for
data acquisition and initial processing. To determine rel-
ative gene expression, the transcript levels of IL-10 and
IL-1β were normalized to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). The comparative threshold cycle
(2−ΔΔCT) method was used for relative quantification of tar-
get gene mRNA levels. The sequences for all gene-specific
primers are provided in Table 1.

2.14 Statistical Analysis
All statistical analyses were conducted with Graph-

Pad Prism software (version 10, GraphPad Software, Inc.,
San Diego, CA, USA). Quantitative data are expressed as
the mean ± standard deviation (SD) derived from biologi-
cally independent replicates. The normality of data distri-
bution and the homogeneity of variances were first verified
using the Shapiro-Wilk test and Brown-Forsythe test, re-
spectively. For the analysis of behavioral test outcomes,
a two-way analysis of variance (ANOVA) was employed,
with Tukey’s test applied for post hoc comparisons involv-
ing three or more groups. Data obtained from CatWalk
gait analysis, Western blot, and immunofluorescence ex-
periments were assessed by one-way ANOVA, followed
by either Tukey’s or Dunnett’s post hoc test for specific
between-group comparisons. A two-tailed p value of less
than 0.05 was considered statistically significant, denoted
as *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results
3.1 BMSCs Characterization

Flow cytometric characterization revealed that BM-
SCs exhibited high positivity (>99%) for the markers
CD29, CD44, and CD90. In contrast, expression levels of
the hematopoietic lineagemarkers CD11b/c andCD45were
essentially undetectable (<1%) (Fig. 1A). Multilineage dif-
ferentiation assays revealed that BMSCs formed mineral-
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Table 1. Primer sequences used for quantitative real-time PCR (RT-qPCR).
Gene Symbol Gene Name Forward Primer (5′−3′) Reverse Primer (5′−3′)

IL-10 Interleukin-10 GTAGAAGTGATGCCCCAGGC GACACCTTGGTCTTGGAGCTTATT
IL-1β Interleukin-1 beta TTTGAAGTTGACGGACCCCAA CACAGCTTCTCCACAGCCACA
GAPDH Glyceraldehyde-3-phosphate

dehydrogenase
CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT

ized nodules after 24 days of osteogenic induction, which
stained red with Alizarin Red S. Following 16 days of adi-
pogenic induction, BMSCs developed lipid vacuoles that
appeared red with Oil Red O staining. After 28 days in
chondrogenic induction medium, proteoglycan deposition
was observed and stained blue with Alcian Blue (Fig. 1B–
D). Collectively, these phenotypic and functional data ver-
ify that the BMSCs used in this study met the identification
criteria for MSCs.

3.2 Successful Establishment of BCP Rat Model

The experimental design of this study is illustrated in
Fig. 2A. The BCP rat model was established by intra-tibial
inoculation of Walker 256 cells into the left tibia. Success-
ful model induction was validated by measuring the 50%
PWT and NSF one day before and on days 4, 7, 9, 11,
and 13 post-inoculation. Compared to the SHAM group,
rats in the BCP group demonstrated a sustained and signif-
icant reduction in 50% PWT alongside a concomitant in-
crease in NSF from day 7 to day 13 post-inoculation (Fig.
2B,C). Furthermore, radiographic and histopathological as-
sessments of the left tibiae were performed on day 7. Ra-
diographic analysis showed that, in contrast to the contin-
uous bone architecture and homogeneous density observed
in SHAM rats, BCP rats showed clear signs of substantial
osteolytic destruction, characterized by radiolucent lesions
and defects primarily in the proximal tibia (Fig. 2D). His-
tological examination via HE staining corroborated these
imaging findings. Tibial sections from SHAM controls ex-
hibited normal, intact trabecular bone with normal cellular
constituents within the marrow space. Conversely, tibiae
from BCP rats displayed severe disruption of the trabecu-
lar network, evident osteolytic lacunae, and extensive infil-
tration of tumor cells within the marrow space (Fig. 2E).
Taken together, these results confirmed that intra-tibial in-
oculation of Walker 256 cells reliably induced tibial bone
destruction and sustained pain hypersensitivity from day 7
onward, thereby verifying the successful establishment of
the BCP rat model.

3.3 Intrathecal Injection of BMSCs Alleviated Pain in
BCP Rats

Both the present results and our preliminary data in-
dicate that rats receiving intra-tibial inoculation of Walker
256 cells developed stable BCP by day 7 post-injection.
Therefore, intrathecal administration of BMSCs was ini-
tiated on day 7 after model establishment. Based on our

pre-experimental findings, which showed that a single in-
trathecal injection of 2 × 106 BMSCs provided analgesic
effects lasting approximately two days in BCP rats, we ad-
ministered BMSCs every other day for a total of three in-
jections (on days 7, 9, and 11 post-tumor inoculation). Pain
behaviors were assessed continuously throughout the treat-
ment period. Measurements of 50% PWT and NSF were
performed after each intrathecal injection and on day 2 af-
ter the final BMSCs injection. The results demonstrated
that, compared to the BCP group, rats receiving intrathecal
BMSCs exhibited a significantly increased 50% PWT and
a markedly reduced NSF, with analgesic effects sustained
through day 13 (Fig. 2B,C).

To assess pain-related functional deficits during vol-
untarymovement, gait function was analyzed using the Cat-
Walk system. Measurements of the maximal contact area
and peak contact intensity for the hind paw were taken on
the second day following the final BMSCs injection. A
marked decrease in both parameters was observed in the
BCP group relative to SHAM-operated controls. In con-
trast, rats receiving intrathecal BMSCs showed significant
recovery in these gait metrics (Fig. 3A–D). It should be
noted that this analysis was conducted with a sample size of
n = 3 per group. While the observed differences were sta-
tistically significant, the relatively small sample size war-
rants caution in the interpretation of the effect size and sug-
gests the need for validation in larger cohorts. These re-
sults demonstrate that intrathecal BMSC treatment effec-
tively reversed gait disturbances associated with BCP. In
summary, intrathecal administration of BMSCs effectively
alleviated pain and improved functional outcomes in BCP
rats.

3.4 Intrathecal Injection of BMSCs Attenuated
Pro-inflammatory Polarization of Spinal Microglia in
BCP Rats

To investigate the impact of intrathecal BMSCs on the
polarization state of spinal microglia in BCP, we analyzed
the expression of classical phenotypicmarkers at the protein
level. Western blot analysis of spinal cord tissue harvested
on day 2 after the final BMSCs injection revealed a dis-
tinct pattern. Compared to SHAM controls, the BCP model
group exhibited a significant upregulation in the protein lev-
els of both the pro-inflammatory markers CD86 and iNOS,
as well as the anti-inflammatorymarkers Arg-1 and CD206.
This broad upregulation suggests a state of generalized mi-
croglial activation in BCP. Notably, BMSCs treatment sig-
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Fig. 1. Characterization of BMSCs. (A) Representative flow cytometry histograms of BMSCs markers. Data were normalized to
the modal peak. (B) Osteogenic differentiation of BMSCs. (C) Adipogenic differentiation of BMSCs. (D) Chondrogenic differentia-
tion of BMSCs. Scale bar: 50 μm. BMSCs, bone marrow-derived mesenchymal stromal cells; FITC, fluorescein isothiocyanate; PE,
phycoerythrin; APC, allophycocyanin; CD, cluster of differentiation.

nificantly modulated this profile: it effectively suppressed
the BCP-induced elevation of CD86 and iNOS, while si-
multaneously further augmenting the expression of Arg-1
and CD206 (Fig. 4A–F).

To corroborate these biochemical findings at the cel-
lular level and to identify which specific microglial popu-
lations were affected, we performed immunofluorescence
co-staining on spinal cord sections. Sections were double-
labeled with antibodies against the pan-microglial marker
IBA-1 and either the pro-inflammatory marker iNOS or the
anti-inflammatory marker CD206. Quantitative analysis of
the proportion of double-positive cells within the total IBA-
1+ microglial population provided clear cellular resolu-

tion. Consistent with the Western blot data, the BCP group
showed a significant increase in the proportions of both
iNOS+IBA-1+ and CD206+IBA-1+ microglia relative to the
SHAM group. Critically, BMSC intervention exerted a di-
vergent effect on these two subpopulations: it significantly
reduced the percentage of iNOS+IBA-1+ microglia, while
concurrently increasing the proportion of CD206+IBA-1+
microglia compared to the untreated BCP model (Fig. 4G–
J). Together, these results indicated that intrathecal admin-
istration of BMSCs shifted the polarization state of spinal
microglia in BCP rats, reducing the pro-inflammatory phe-
notype while enhancing the anti-inflammatory phenotype.
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Fig. 2. Successful establishment of BCP rat model. (A) Experimental design. (B,C) 50% PWT and NSF at baseline (day -1) and
on post-inoculation days 4, 7, 9, 11, and 13. (D) X-ray of left tibia on day 7 following intra-tibial inoculation. (E) Representative HE
staining of left tibia on day 7 post-inoculation. Scale bars: 1 mm and 200 μm. ###p < 0.001 versus SHAM group, ***p < 0.001 versus
BCP group (n = 6). BCP, bone cancer pain; HE, hematoxylin-eosin; WB, Western blot; IF, immunofluorescence.

3.5 Intrathecal Injection of BMSCs Activated the
Nrf2/HO-1 Signaling Pathway in the Spinal Cord of BCP
Rats

To determine whether intrathecal BMSCs administra-
tion modulates the spinal Nrf2/HO-1 signaling pathway of

BCP rats, protein expression levels of Nrf2 and its down-
stream target HO-1 were evaluated by Western blot on
day 2 after the final BMSCs injection. Analysis revealed
that the expression of both Nrf2 and HO-1 proteins was
markedly elevated in the BCP group relative to SHAM con-
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Fig. 3. Intrathecal injection of BMSCs alleviated pain in BCP rats. (A) Print view of CatWalk on day 2 after the final BMSCs
injection. (B) Print intensity of CatWalk on day 2 after the final BMSCs injection. (C) Max contact max intensity for the left hind paw.
(D) Max contact area for the left hind paw. Data are expressed as a percentage of the corresponding value from the right hind paw. *p <
0.05, **p < 0.01 (n = 3). LF, left forepaw; LH, left hindpaw; RF, right forepaw; RH, right hindpaw.

trols. Moreover, this upregulation was further enhanced
following intrathecal BMSCs treatment, resulting in sig-
nificantly higher levels of both proteins compared to the
BCP group alone (Fig. 5A–C). These data suggested that

intrathecal BMSCs delivery activated the Nrf2/HO-1 sig-
naling axis within the spinal cord under BCP conditions.
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Fig. 4. Intrathecal injection of BMSCs attenuated pro-inflammatory polarization of spinal microglia in BCP rats. (A) Represen-
tative immunoblots of pro-inflammatory markers CD86 and iNOS protein levels in spinal cord on day 2 after the final BMSCs injection.
(B) Relative CD86 protein level. (C) Relative iNOS protein level. (D) Representative immunoblots of anti-inflammatory markers Arg-1
and CD206 protein levels in spinal cord on day 2 after the final BMSCs injection. (E) Relative Arg-1 protein level. (F) Relative CD206
protein level. (G) Immunofluorescence co-staining of IBA-1 and iNOS in spinal cord on day 2 after the final BMSCs injection. (H)
Quantitative analysis of iNOS+ microglia. (I) Immunofluorescence co-staining of IBA-1 and CD206 in spinal cord on day 2 after the
final BMSCs injection. (J) Quantitative analysis of CD206+ microglia. Scale bar: 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001 versus
BCP group (n = 3). iNOS, inducible nitric oxide synthase; Arg-1, Arginase-1; IBA-1, ionized calcium-binding adapter molecule 1.

10

https://www.imrpress.com


Fig. 5. Intrathecal injection of BMSCs activated the Nrf2/HO-1 signaling pathway in the spinal cord of BCP rats. (A) Represen-
tative immunoblots of Nrf2/HO-1 protein levels in spinal cord on day 2 after the final BMSCs injection. (B) Relative Nrf2 protein level.
(C) Relative HO-1 protein level. **p < 0.01 versus BCP group (n = 3). Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme
oxygenase-1.

3.6 BMSCs Activated the Nrf2/HO-1 Signaling Pathway in
LPS-Stimulated BV2 Cells

To examine the capacity of BMSCs to regulate the
Nrf2/HO-1 cascade in microglia, we implemented an in-
direct co-culture paradigm using a transwell system with
BV2 cells (Fig. 6A). BV2 microglia were polarized toward
an activated state via LPS stimulation. The impact of this
co-culture on Nrf2 and HO-1 levels in BV2 cells was subse-
quently assessed byWestern blot and immunofluorescence.
Western blot indicated that LPS challenge notably upregu-
lated the protein expression of both Nrf2 and HO-1 in BV2
cells relative to the untreated CON group. This upregu-
lation was further potentiated when LPS-stimulated BV2
cells were co-cultured with BMSCs. Notably, the ampli-
fying effect conferred by BMSCs co-culture was substan-
tially suppressed by pre-treatment with the selective Nrf2
inhibitor, ML385 (Fig. 6B–D). Immunofluorescence anal-
ysis yielded congruent results, showing a significant in-
crease in the mean fluorescence intensity of Nrf2 follow-
ing LPS exposure compared to the CON group. Co-culture
with BMSCs led to an additional enhancement of Nrf2 sig-
nal intensity over that induced by LPS alone, an effect that
was similarly abolished in the presence of ML385. Exam-
ination of subcellular localization revealed a clear overlap
of Nrf2 fluorescence with DAPI-stained nuclei, consistent
with LPS-induced nuclear translocation of Nrf2, a process
augmented by BMSCs co-culture (Fig. 6E,F). In summary,
these findings substantiated that BMSCs promoted acti-
vation of the Nrf2/HO-1 pathway in LPS-stimulated BV2
cells.

3.7 BMSCs Attenuated Pro-Inflammatory Polarization of
LPS-Stimulated BV2 Cells by Activating the Nrf2/HO-1
Signaling Pathway

To elucidate the mechanism by which BMSCs modu-
late microglial polarization, we focused on the Nrf2/HO-
1 signaling axis. Protein expression of the polarization
markers CD86, iNOS, Arg-1, and CD206 was evaluated by
Western blot, while transcript levels of the cytokines IL-1β
and IL-10 were measured by RT-qPCR in BV2 cells un-
der various conditions. Western blot analysis indicated that
exposure to LPS markedly upregulated the protein abun-
dance of both pro-inflammatory (CD86, iNOS) and anti-
inflammatory (Arg-1, CD206) markers in BV2 cells com-
pared to the CON group. Notably, co-culture with BM-
SCs not only counteracted the LPS-induced elevation of
CD86 and iNOS but also further augmented the expres-
sion of Arg-1 and CD206. The introduction of the spe-
cific Nrf2 inhibitor ML385 largely abolished these regula-
tory effects exerted by BMSCs (Fig. 7A–F). At the tran-
scriptional level, RT-qPCR data showed that LPS stimula-
tion significantly increased mRNA expression of both IL-
1β and IL-10 relative to the CON group. However, BMSC
co-culture exerted a divergent effect: it significantly sup-
pressed IL-1β mRNA levels while simultaneously promot-
ing a further increase in IL-10 expression compared to the
LPS-only group. Again, pre-treatment with ML385 effec-
tively reversed the modulatory influence of BMSCs on both
cytokines (Fig. 7G,H). Collectively, findings indicated that
BMSCs promoted a transition in microglial polarization
from pro-inflammatory toward anti-inflammatory pheno-
type, an effect mediated through activation of the Nrf2/HO-
1 pathway and reflected by the coordinated downregulation
of IL-1β and upregulation of IL-10.
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Fig. 6. BMSCs activated the Nrf2/HO-1 signaling pathway in LPS-stimulated BV2 cells. (A) Schematic diagram of the transwell
system with BMSCs and BV2 cells. (B) Representative immunoblots of Nrf2/HO-1 protein levels in BV2 cells. (C) Relative Nrf2
protein level. (D) Relative HO-1 protein level. (E) Immunofluorescence staining of Nrf2 in BV2 cells. (F) Quantitative analysis of mean
fluorescence intensity of Nrf2. Scale bar: 50 μm. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3). LPS, lipopolysaccharide; CON, control.

4. Discussion
This study was undertaken to explore the analgesic

potential of intrathecal administration of BMSCs in BCP
rats and their regulatory role in spinal microglial polariza-
tion. Our research indicates that intrathecal administration
of BMSCs effectively alleviates pain in BCP rats. This
therapeutic effect was associated with a modulation of mi-
croglial activation, characterized by a coordinated down-
regulation of markers associated with a pro-inflammatory
phenotype and a concomitant upregulation of markers in-

dicative of an anti-inflammatory phenotype. These effects
are consistent with the involvement of the Nrf2/HO-1 path-
way.

The intra-tibial inoculation of tumor cells is a well-
established method for modeling BCP [23]. In the present
study, we employed this approach by injecting Walker 256
mammary carcinoma cells directly into the tibial marrow
cavity of rats. Previous reports have indicated that breast
cancer cell-induced BCP is characterized by osteolytic bone
destruction and progressive pain [27,28]. Our findings
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Fig. 7. BMSCs attenuated pro-inflammatory polarization of LPS-stimulated BV2 cells by activating the Nrf2/HO-1 signaling
pathway. (A) Representative immunoblots of CD86 and iNOS protein levels in BV2 cells. (B) Relative CD86 protein level. (C)
Relative iNOS protein level. (D) Representative immunoblots of Arg-1 and CD206 protein levels in BV2 cells. (E) Relative Arg-1
protein level. (F) Relative CD206 protein level. (G) Relative mRNA expression levels of IL-1β. (H) Relative mRNA expression levels
of IL-10. *p < 0.05, **p < 0.01, ***p < 0.001 (n = 3).

aligned with these reports revealing a significant reduction
in bone density and osteolytic defects in the trabecular bone
seven days after tumor inoculation. Behavioral tests, in-
cluding the 50% PWT and NSF, indicated sustained me-
chanical allodynia and spontaneous pain that did not resolve
spontaneously. These observations are consistent with es-
tablished features of BCP and confirm the successful estab-
lishment of the model.

Intrathecal BMSCs injections began on day 7 after
intra-tibial inoculation, which was when stable pain hy-

persensitivity had developed. Our preliminary experiments
showed that intrathecal administration of 2 × 106 BMSCs
provided analgesic effects lasting about two days, indicat-
ing that multiple administrations may be necessary. There-
fore, BMSCs were administered intrathecally on days 7, 9,
and 11 post-inoculation. Behavioral assessments showed
that this regimen effectively alleviated mechanical allody-
nia and spontaneous pain, with analgesia persisting for up
to two days after the final injection. A study reported that
intrathecal injection of 1 × 106 BMSCs relieved neuropathic
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pain in mice for up to 31 days [29], whereas Kan et al.
[22] observed pain relief lasting two days in a murine BCP
model following the same dose. The comparatively shorter
duration of analgesia in our BCP model, despite the higher
dose and similar administration route, suggests that BCP
may be more severe and refractory to treatment than neu-
ropathic pain, potentially requiring higher or more frequent
BMSC doses. Although differences between rodent species
(rats vs. mice) may contribute to these disparities, our re-
sults indicate that the analgesic duration of 2 × 106 BMSCs
in BCP may be limited by insufficient dosing.

CatWalk system provides an objective assessment of
pain-induced gait abnormalities during voluntary locomo-
tion. Multiple studies have validated the efficacy and re-
liability of this method for evaluating BCP in rat models.
Quantifying parameters such as paw print area and pres-
sure intensity during spontaneous walking allows accurate
evaluation of analgesic interventions. Pain-affected ani-
mals typically exhibit reduced paw contact area and dimin-
ished pressure intensity [26,30]. Consistent with previous
findings, our results demonstrated significant reductions in
both max contact area and max contact intensity in BCP
rats. Following intrathecal administration of BMSCs, these
parameters were restored to near-normal levels. Thus, com-
bined results frommultiple behavioral tests confirm that in-
trathecal BMSCs injection effectively alleviates mechani-
cal allodynia and spontaneous pain, while ameliorating gait
abnormalities in BCP rats. These findings provide experi-
mental evidence supporting BMSCs as a novel and promis-
ing therapeutic strategy for BCP.

As pivotal immune effector cells within the central
nervous system, microglia and their phenotypic transitions
during pain initiation and development have attracted con-
siderable research interest [31,32]. Our previous study
demonstrated that spinal microglia in BCP rats exhibit en-
hanced polarization toward a pro-inflammatory phenotype.
This polarization imbalance contributes to inflammatory
mediators and neuroinflammation at the spinal level, ulti-
mately promoting central sensitization in BCP [33]. The
present study focused on the dynamic changes in different
polarization states of spinal microglia during BCP and in-
vestigated the effects of intrathecal BMSCs administration
to rebalance the pro- and anti-inflammatory phenotypes.
Although current understanding of microglial polarization
has evolved beyond the simplistic M1/M2 dichotomy to-
ward a continuum of heterogeneous states, the classical
framework distinguishing pro- and anti-inflammatory phe-
notypes remains physiologically and pathologically rele-
vant, providing valuable insights into their fundamental
functions in pain modulation [34].

The pro-inflammatory phenotype is traditionally as-
sociated with elevated expression of markers such as CD86
and iNOS, along with the release of IL-1β, IL-6, and TNF-
α, which promote hyperalgesia and allodynia [35,36]. In
contrast, the anti-inflammatory phenotype expresses mark-

ers like CD206 and Arg-1 and secretes anti-inflammatory
factors such as transforming growth factor β (TGF-β) and
IL-10, contributing to immune suppression and tissue re-
pair [37]. Notably, these two states are not mutually ex-
clusive; they may dynamically coexist in a spatiotempo-
ral manner and even exhibit transitional states and over-
lapping expression profiles, reflecting the plasticity of mi-
croglia within complex pathological microenvironments
[38]. These concepts help interpret the findings of the
present study. Our results demonstrated that in the spinal
cord of BCP rats, microglia not only showed significantly
elevated expression of pro-inflammatory phenotypic mark-
ers (CD86 and iNOS) but also exhibited concurrent upreg-
ulation of anti-inflammatory markers (CD206 and Arg-1).
This phenomenon may arise from the following mecha-
nisms. First, microglia may simultaneously initiate inflam-
matory responses and self-regulatory processes upon en-
countering early pain signals. Second, distinct microglial
subpopulations might be concurrently activated, exhibiting
either pro-inflammatory or anti-inflammatory functional bi-
ases, while tissue-level analyses detect an overall increase
in multiple markers [38,39]. Thus, this seemingly para-
doxical observation reflects the phenotypic diversity and
dynamic complexity of microglial responses under BCP
pathological conditions.

Our study further demonstrates that intrathecal admin-
istration of BMSCs significantly downregulated the expres-
sion of pro-inflammatory phenotypic markers while pro-
moting the expression of anti-inflammatory markers in mi-
croglia. These findings suggest that BMSCs do not simply
suppress overall microglial activation, but rather modulate
their functional phenotype, potentially facilitating a tran-
sition from a destructive inflammatory response toward a
reparative immune microenvironment. To explore the un-
derlying mechanisms of this BMSC-mediated regulation,
we focused on the Nrf2/HO-1 pathway in microglia. A pre-
vious study has established that the Nrf2/HO-1 pathway ex-
erts potent anti-inflammatory and anti-nociceptive effects
in various acute and chronic pain models induced by in-
flammation, nerve injury, or metabolic disorders [40]. Ac-
tivation of this pathway has been shown to suppress mi-
croglial polarization toward a pro-inflammatory state [18].
In the present study, intrathecal BMSCs administration sig-
nificantly increased the expression levels of both Nrf2 and
its downstream effector HO-1 in the spinal cord of BCP rats.
Combined with our observation that BMSCs promote anti-
inflammatory microglial polarization, we hypothesize that
BMSCs may facilitate a functional shift from pro- to anti-
inflammatory states in microglia through activation of the
Nrf2/HO-1 pathway, thereby contributing to their analgesic
effects. Furthermore, it is noteworthy that our results re-
vealed a significant upregulation of Nrf2 and HO-1 expres-
sion in the spinal cord of BCP rats even in the absence of
BMSCs intervention. This phenomenon may be attributed
to an endogenous compensatory mechanism initiated under
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pathological conditions. The persistent inflammatory mi-
croenvironment in the spinal cord likely activates the Nrf2
anti-inflammatory response pathway, triggering a negative
feedback loop to counteract excessive inflammation [41].
However, this compensatory upregulation appears insuffi-
cient to reverse the progression of BCP-related pain, sug-
gesting that the endogenous response may be inadequate to
fully restore immunological homeostasis without therapeu-
tic augmentation.

To directly validate the necessity and specificity of the
Nrf2/HO-1 pathway in mediating the BMSC-induced mod-
ulation of microglial polarization at the cellular level, we
established a transwell co-culture system consisting of BM-
SCs and LPS-activated BV2 cells. Additionally, we used
the Nrf2 inhibitor ML385 to suppress Nrf2/HO-1 pathway
in the BV2 cells. LPS activation of BV2 cells is a well-
establishedmodel for simulating polarizedmicroglia in var-
ious neurological disorders and neuroinflammatory condi-
tions, including pain and neural injury [36,42]. In vitro
studies showed that LPS stimulation significantly increased
the expression of Nrf2 and HO-1 in BV2 cells, leading to
notable nuclear translocation of Nrf2. Under physiological
conditions, Nrf2 is sequestered in the cytoplasm through
binding to its repressor protein, Kelch-like ECH-associated
protein 1 (Keap1). Inflammatory or oxidative stressors,
such as those mimicked by LPS, promote the dissocia-
tion of Nrf2 from Keap1, allowing its translocation to the
nucleus where it drives the transcription of cytoprotective
genes including HO-1 [41]. These findings align with our
in vivo observations in BCP rats, further supporting the no-
tion that microglia in BCP may activate an Nrf2-mediated
endogenous stress response. Co-culture with BMSCs fur-
ther enhanced the activation of the Nrf2/HO-1 pathway in
LPS-stimulated BV2 cells, concurrently reducing their pro-
inflammatory polarization (reducing CD86/iNOS) while
promoting the anti-inflammatory polarization (increasing
CD206/Arg-1). Specifically, BMSCs suppressed the re-
lease of the pro-inflammatory cytokine IL-1β and increased
the production of the anti-inflammatory cytokine IL-10.
All these effects were completely abolished by the Nrf2
inhibitor ML385. These results provide compelling evi-
dence that BMSCs mitigate pro-inflammatory polarization
of BV2 cells primarily through activation of the Nrf2/HO-1
signaling pathway.

This study has several limitations that should be ad-
dressed in future research. First, the cellular specificity of
the Nrf2 pathway requires further validation. Our investi-
gation primarily concentrated on verifying the role of the
Nrf2/HO-1 pathway in the polarization of microglia medi-
ated by BMSCs through in vitro studies. However, it is im-
portant to note that other spinal cell types, such as astro-
cytes and neurons, which also express Nrf2 in vivo, may
play a significant role in regulating BCP. Future studies
could employ microglia-specific conditional Nrf2 knock-
out mice to definitively establish the necessity and predom-

inance of this pathway in microglial function and increase
the sample size to confirm these functional outcomes. Sec-
ond, the upstream and downstream mechanisms through
which BMSCs activate the Nrf2/HO-1 pathway remain in-
completely elucidated. Although our study confirmed that
BMSCs promote Nrf2/HO-1 activation, the specific bioac-
tive molecules involved, such as exosomes, cytokines, or
chemokines, responsible for activating this pathway and
modulating microglial polarization have yet to be identi-
fied. Future studies could delve deeper into the specific
mediators. Furthermore, this study was conducted exclu-
sively in female rats. The potential sexual dimorphism in
the response to BMSCs therapy for BCP warrants future
investigation in male subjects. The present study employed
a single dose of BMSCs, future investigations exploring
dose-response relationships and optimized delivery sched-
ules are needed to maximize the durability of analgesic ef-
fects. Finally, our assessment of microglial polarization
states relied on classical markers including CD86, iNOS,
Arg-1, and CD206. Thus, our interpretation of microglial
polarization in this study is based on these marker expres-
sion profiles, rather than on direct functional characteriza-
tion of the cells. Future studies could integrate single-cell
RNA sequencing technologies to resolve, at higher resolu-
tion, the heterogeneity of microglial subtypes and their dy-
namic transcriptional and functional transitions in response
to BMSCs intervention. Such approaches would provide a
more comprehensive theoretical foundation for developing
targeted analgesic strategies directed against specific mi-
croglial subpopulations.

Safety considerations are crucial for translational po-
tential. While our study demonstrates short-term efficacy,
the translational application of intrathecal BMSC therapy
requires careful safety assessment. Repeated intrathecal in-
jections carry inherent risks such as infection and local in-
flammation. Furthermore, within the oncological context
of BCP, the potential of MSCs to exert pro-tumorigenic ef-
fects through immune modulation or support of the tumor
microenvironment warrants serious investigation. Future
preclinical studies must include long-term monitoring for
adverse events, dose-escalation safety profiles, and detailed
evaluation of the fate of BMSCs and their potential tumor-
modifying effects after intrathecal delivery.

5. Conclusions
This study demonstrates that intrathecal administra-

tion of BMSCs produces significant analgesia in BCP rats
by shifting spinal microglial polarization balance from
a predominantly pro-inflammatory state toward an anti-
inflammatory phenotype. These effects are consistent with
the involvement of the Nrf2/HO-1 pathway. Our findings
not only elucidate a microglia-dependent mechanism for
BMSC-induced analgesia but also highlight the Nrf2/HO-1
axis as a promising mechanistic target for developing novel
treatments for BCP.
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