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Abstract

Bone cancer pain (BCP) is a debilitating condition driven by spinal 
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neuroinflammation and glial activation. Esketamine (ESK), an NMDA 

receptor antagonist, exhibits analgesic effects beyond receptor 

blockade, but its mechanisms in BCP remain unclear. Here, a rat BCP 

model was established by intramedullary injection of Walker 256 cells, 

followed by intrathecal ESK administration (20, 40, 60 μg). Pain 

behavior was assessed using Von Frey, Hargreaves, CatWalk, and 

open field tests. While histology confirmed tumor-induced osteolysis, 

ESK did not prevent bone destruction. Instead, ESK significantly 

reduced mechanical and thermal hypersensitivity, improved gait and 

anxiety-like behaviors, and suppressed microglial and astrocytic 

activation in the spinal dorsal horn. This was accompanied by reduced 

pro-inflammatory cytokine levels and inhibition of MAPK pathway 

activation. Pharmacological blockade of glia (fluorocitrate, 

minocycline) or MAPK signaling (SB203580, SP600125) reproduced 

these effects, confirming the contribution of glia-MAPK interactions. 

These findings indicate that ESK alleviates BCP by suppressing glial-

driven neuroinflammation and MAPK signaling, highlighting its 

potential as a multimodal analgesic.

Keywords: bone cancer pain, spinal dorsal horn, esketamine, glial 

activation, MAPK
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1. Introduction

Bone cancer pain (BCP) constitutes a debilitating condition affecting 

patients having primary and metastatic bone tumors, significantly 

impairing their quality of life1. It is characterized by a complex 

interplay of nociceptive, inflammatory, and neuropathic pain 

mechanisms, making its management particularly challenging2-4. 

Current analgesic strategies, including opioids and nonsteroidal anti-

inflammatory drugs (NSAIDs), often provide insufficient relief and are 

associated with severe adverse effects such as tolerance and 

addiction5, 6. Therefore, there is an urgent need for novel treatment 

approaches to efficiently alleviate BCP while minimizing side effects.

Esketamine (ESK), the S(+)-enantiomer of ketamine, represents an 

N-methyl-D-aspartate (NMDA) receptor antagonist with well-

documented analgesic and anti-inflammatory properties7-9. Beyond its 

action on NMDA receptors, recent studies have suggested that ESK 

modulates glial cell activity and neuroinflammatory pathways10-13, 

which is crucial in chronic pain pathogenesis. Particularly, both 

microglia and astrocyte activation in the SDH contribute to central 

sensitization and pain signal amplification in BCP14, 15. Microglia 

produce pro-inflammatory cytokines: IL-1β, IL-6 and TNF-α, further 

exacerbating pain hypersensitivity16. Concurrently, activated 
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astrocytes release additional inflammatory mediators, promoting 

neuronal hyperexcitability and persistent pain states17. 

One of the key intracellular pathways involved in glial activation and 

neuroinflammation is the mitogen-activated protein kinase (MAPK) 

pathway, which includes c-JNK, p38, and ERK18. The MAPK pathway 

activation produces inflammatory cytokines and amplifies nociceptive 

signaling19, 20. Given its multifaceted pharmacological profile, ESK 

may exert its analgesic effects in BCP by suppressing glial activation, 

reducing inflammatory cytokine expression, and inhibiting MAPK 

pathway activation. However, the precise dose-dependent effects of 

ESK on these mechanisms in BCP remain vague.

Our aim was to assess the analgesic effects of ESK on BCP as well 

as its underlying mechanisms. Additionally, we established a BCP rat 

model and administered continuous intrathecal injection of ESK at 

different doses. By elucidating the dose-dependent effects of ESK on 

glial cell activity, neuroinflammation, and MAPK pathway modulation, 

we provide innovative perspectives into the potential mechanisms 

behind ESK as an effective analgesic for BCP. These findings may pave 

the way for future therapeutic strategies targeting glial inhibition and 

neuroimmune modulation in managing chronic cancer pain.
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2. Materials and Methods

2.1 Animals

Female Sprague-Dawley rats (180-200 g, the Experimental Animal 

Center of Zhejiang Province Academy of Medical Sciences, Hangzhou, 

China) were habituated at 22 ± 2°C, 12-h light/dark cycle, with 

unrestricted food and water access. Each cage housed six to eight rats, 

and all experiments were conducted during the daytime, making all 

efforts to minimize the used animal number and reduce potential 

distress. All behavioral tests were conducted between 9:00 a.m. and 

6:00 p.m., and to eliminate observer bias, experimenters responsible 

for the evaluations were blinded to the experimental conditions and 

treatment assignments. All methods are reported in accordance with 

ARRIVE guidelines. Furthermore, the research adhered to the 

guidelines established by the International Association for the Study 

of Pain. In accordance with the Guidelines for the Care and Use of 

Laboratory Animals and the ethical approval (Approval No.: JXYY2024-

056) from the Animal Ethics Committee of Jiaxing University, all rats 

were humanely euthanized at the experimental endpoint (day 18 after 

tumor inoculation) or when they met predefined humane endpoints 

(e.g., tumor-induced severe distress, significant weight loss > 20%, or 

impaired mobility). At the end of the experiment, rats were euthanized 
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by an overdose of isoflurane inhalation in accordance with the 

Euthanasia Guidelines M79/1222 (CULATR, Dec 2022). This method 

was selected for its rapidity, reliability, and minimal suffering to 

animals.

2.2 Preparation of cells

Walker 256 breast cancer cells were obtained from the Cell Culture 

Center of the Chinese Academy of Medical Sciences (Beijing, China) 

and maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) at 37 °C in a 

humidified incubator containing 5% CO₂. For ascites induction, 0.5 ml 

of cell suspension (5 × 10⁶ cells/ml) was injected into the peritoneal 

cavity of rats weighing 60–80 g. After ascitic fluid collection, cells were 

isolated by centrifugation and washed three times with pre-cooled 

phosphate-buffered saline (PBS). The final cell pellet was resuspended 

in PBS to a concentration of 1 × 10⁵ cells/μl for subsequent use.

2.3 BCP model

As in our previous studies21, rats were anesthetized with 2%-3% 

isoflurane. A sterile incision was made in the lower third of the left 

tibia, and a 0.8-mm hole was drilled into the tibial medullary cavity 

using a high-speed drill. The BCP group was intramedullary injected 

with 10 μl Walker 256 cells (1 × 10⁶), while the sham group was 
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injected with heat-killed Walker 256 cells. A fixed Hamilton 

microsyringe was used to ensure precise and controlled delivery of 

cells, with the syringe held in place for 2 min to prevent cell leakage. 

Immediately after injection, bone wax was used for hole sealing, and 

the surgical site was sutured. Postoperative monitoring was 

conducted to ensure proper recovery, and animals were observed for 

signs of distress or infection.

2.4 Von Frey test

Mechanical allodynia was determined using the Von Frey test to 

measure paw withdrawal responses to mechanical stimuli. Before 

testing, rats were handled daily for three consecutive days to 

acclimate them to the experimental environment22. On the test day, 

rats were placed in transparent wire-meshed floor Plexiglas 

compartments (25 × 20 × 20 cm) and acclimated for half an hour. 

Mechanical stimuli were applied to the hind paw using Von Frey 

monofilament (BME-404; Biological Medicine Institute, Beijing, China) 

following the up-down method, thereby recording the paw withdrawal 

threshold (PWT), repeating the measurements five times at 10-s 

intervals, and calculating the average PWT. To ensure unbiased 

evaluation, blinded researchers conducted the behavioral 

assessments.
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2.5 Thermal hyperalgesia

The thermal hyperalgesia was determined with the Hargreaves test to 

measure paw withdrawal latency (PWL) responding to a radiant heat 

stimulus23. Rats were positioned in transparent Plexiglas 

compartments on a heated glass surface and acclimated for half an 

hour before testing. A focused infrared beam (IITC Life Science, USA) 

was directed at the ipsilateral hind paw plantar surface, recording the 

time taken for the rat to withdraw its paw as PWL, repeating 

measurements five times at 10-s intervals, and calculating the average 

PWL. To ensure animal safety and prevent tissue damage, we 

established a cutoff time of 20 s. To ensure unbiased evaluation, 

blinded researchers conducted the behavioral assessments.

2.6 Rotarod Testing

To evaluate potential motor impairments induced by intrathecal 

injection of ESK, rotarod testing was carried out using an accelerating 

rotarod apparatus (Ugo Basile, Varese, Italy)24. Before baseline 

testing, animals were subjected to a habituation protocol consisting of 

daily 3-min training sessions for at least 5 days. During testing, rats 

were positioned on a rotarod (70 mm diameter) linearly accelerated 

from 4 to 40 rpm over a maximum cutoff time of 3 min, recording the 

latency to fall from the rod. Data were normalized and reported as a 
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percentage of the baseline performance for each experimental group. 

This approach ensured accurate assessment of motor coordination 

while controlling for inter-individual variability.

2.7 CatWalk analysis

Gait analysis was performed using the CatWalk automated system to 

assess pain-related locomotor behaviors in freely moving rats25. This 

system tracks voluntary movement along an enclosed runway, with a 

high-speed camera under a glass floor capturing real-time paw prints. 

To ensure data reliability, a minimum of four consecutive step cycles 

or complete tunnel passages were recorded per rat. Pain-related gait 

alterations were assessed using four key parameters: max contact 

area, mean intensity, single stance, and swing. To minimize variability, 

gait asymmetry was quantified using the left/right hind paw (LH/RH) 

ratio, allowing for a more precise evaluation of pain-induced changes 

in locomotor function.

2.8 Open Field Test (OFT) 

Here, OFT was conducted to determine exploratory behavior and 

anxiety-like responses26. To evaluate locomotor coordination and 

anxiety-like behavior, rats were individually placed in an open field 

arena (100 × 100 × 50 cm) situated in a softly lit environment with 

ambient temperature approximating their natural habitat. Each 
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session lasted 10 minutes under low-light conditions, during which 

exploratory activity was recorded via an overhead high-speed camera. 

Behavioral parameters, particularly time and distance traveled in the 

central zone, were analyzed using Jiliang Behavior Analysis Software 

(Shanghai, China). All animals underwent a two-day habituation 

period prior to behavioral assessment. To minimize bias, all 

experiments were performed in a blinded manner. After each trial, the 

open field apparatus was thoroughly cleaned with alcohol wipes to 

eliminate residual odor and feces, thereby preventing olfactory 

interference with subsequent subjects.

2.9 Micro-CT Analysis

To verify tumor establishment in the tibia, CT scans were performed 

on day 12 following tumor cell inoculation. A SOMATOM CT scanner 

(Siemens, Germany) was employed to conduct high-resolution 3D 

reconstructions of the rat tibia. In reference to previous protocols27, 

scanning parameters were configured as follows: tube voltage 120 

kVp, helical acquisition mode, 1 mm slice thickness and interval, Care 

Dose 4D technique, and U30u kernel with a medium-smooth 

reconstruction algorithm. The field of view was set to 100 mm, suitable 

for detailed skeletal imaging in SD rats. Image processing and 

reconstruction were completed using the Siemens Syngo 
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MultiModality Workplace (MMWP) workstation.

2.10 Histological analysis

Following euthanasia, the ipsilateral tibia was carefully excised and 

fixed in 4% PFA at 4 °C for preservation. The specimens were then 

demineralized in 10% EDTA for 24 h, dehydrated, and paraffin-

embedded. Coronal sections (8 μm) were obtained utilizing a 

microtome and stained with H&E to assess bone structure, tumor 

infiltration, and osteolysis. Images were taken under an Olympus 

BX51 microscope with 20× and 40× objectives for detailed 

histopathological evaluation.

2.11 Drugs and administration

ESK was purchased from Jiangsu Hengrui Pharmaceutical Co., Ltd. 

(Jiangsu, China) and administered intrathecal injection (i.t.) at 

concentrations of 20, 40, or 60 μg. The doses of esketamine were 

selected based on previous studies10. It was diluted with sterile normal 

saline. To investigate the role of glial cells, fluorocitrate (10 nmol/10 μl; 

Sigma-Aldrich, USA) and minocycline (100 nmol/10 μl; Yuanye Biotech, 

China) were used as selective astrocyte and microglial inhibitors, 

respectively. As in our previous study28, fluorocitrate was initially 

solubilized in 1 M hydrochloric acid and subsequently diluted with 

saline. Minocycline was freshly dissolved in saline immediately before 
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administration, with mild heating in a water bath to ensure complete 

dissolution. Both compounds were freshly prepared in conditions prior 

to use. To assess MAPK pathway involvement, the JNK inhibitor 

SP600125 (5 μg/10 μl; Cell Signaling Technology, USA) and the p38 

inhibitor SB203580 (10 μg/10 μl; Abcam, UK) were dissolved in DMSO 

to a final DMSO concentration of 1%. Intrathecal drug delivery was 

performed via a pre-implanted PE-10 (0.28 mm inner diameter and 

0.61 mm outer diameter) catheter inserted into the L4-L5 

subarachnoid space, as previously described. Rats were briefly 

anesthetized with isoflurane prior to injection. All drugs were 

administered once daily from POD 13 to 16 in a volume of 10 μl, 

followed by a 5-μl Saline flush. Control animals received equivalent 

volumes of saline or vehicle. After drug administration, rats were 

housed individually and monitored for signs of distress, motor 

dysfunction, or adverse effects. Standard food and water were 

provided throughout the study period.

2.12 Western Blotting (WB)

Rats were anesthetized with 2–3% isoflurane, and the ipsilateral spinal 

cord segments (L3–L5) were rapidly dissected and collected on ice. 

The tissues were homogenized in RIPA lysis buffer (containing 

protease and phosphatase inhibitors) using an ultrasonic homogenizer. 
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The homogenates were centrifuged at 14,000 rpm for 20 min at 4 °C, 

and the supernatants were collected. Protein concentrations were 

determined using a BCA protein assay kit (Biyuntian Biotechnology 

Institute, China). Equal amounts of protein (40 µg per lane) were 

separated on 10% SDS–PAGE gels and transferred onto PVDF 

membranes. The membranes were blocked with 5% nonfat milk for 2 

h at room temperature and then incubated overnight at 4 °C with the 

following primary antibodies (all diluted 1:1000): Iba-1 (ab283319, 

Abcam), ERK (ab184699, Abcam), phospho-ERK (ab278538, Abcam), 

GFAP (C9205, Sigma), JNK (sc-571, Santa Cruz), phospho-JNK (sc-

81502, Santa Cruz), p38 (AF6456, Affinity), phospho-p38 (AF4001, 

Affinity), IL-1β (AF5103, Affinity), IL-6 (DF6087, Affinity), TNF-α 

(AF7014, Affinity), and β-actin (AF7018, Affinity). After three washes 

with TBST, the membranes were incubated with HRP-conjugated 

secondary antibodies (BL001A or BL003A, Biosharp; 1:3000 dilution) 

for 2 h at room temperature. Protein bands were visualized using an 

enhanced chemiluminescence reagent and imaged with a Bio-Rad gel 

documentation system. Band intensities were quantified using ImageJ 

software and normalized to β-actin to calculate relative protein 

expression levels.

2.13 ELISA
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ELISA kits for quantifying IL-1β (PI303), IL-6 (PI328), and TNFα 

(PT516) were obtained from Beyotime (Shanghai, China). The IL-1β, 

IL-6, and TNFα levels in rat spinal cord tissues were quantified using 

commercial ELISA kits (Beyotime, China). Spinal cord tissues were 

subjected to homogenization in RIPA buffer that contained protease 

and phosphatase inhibitors, determining total protein concentration 

with a BCA Protein Assay Kit (Beyotime, China). After quantification, 

100 μg of total protein was used for ELISA per the protocols. Optical 

density was assessed at 450 nm via a microplate reader, normalizing 

cytokine concentrations to total protein content.

2.14 Immunofluorescence (IF) Staining

Twelve days after BCP surgery, rats were subjected to deep anesthesia 

and transcardial perfusion with 0.9% saline, followed by 4% PFA29. 

The lumbar SDH segments were instantly dissected and post-fixed in 

4% PFA for 6 h prior to dehydration in 15%–30% sucrose solutions at 

4 °C for 48 h. Tissues were embedded in the OCT compound and sliced 

at 16 μm with a cryostat. Sections were incubated overnight at 4 °C 

with primary antibodies, including Iba-1 (1:300, Abcam), GFAP (1:400, 

Sigma), IL-6 (1:100, Affinity), IL-1β (1:100, Affinity), and TNFα (1:100, 

Affinity). The sections were rinsed and incubated with fluorescently 

conjugated secondary antibodies (1:500, Abcam): Alexa Fluor 488 
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donkey anti-rabbit (ab150073, Abcam), 488 donkey anti-goat 

(ab150129, Abcam) and 594 donkey anti-mouse (ab150108, Abcam) 

for 50 min at room temperature. Counterstaining nuclei with DAPI 

(Invitrogen) was followed by capturing images with a confocal laser 

scanning microscope.

2.15 Statistical Analysis

Statistical analyses were performed using GraphPad Prism (v9.5). 

Sample sizes were based on previous studies; data are presented as 

mean ± SEM. Differences between two groups were assessed by two-

tailed unpaired Student's test. Comparisons across multiple groups or 

time points used one-way or two-way ANOVA, respectively, with 

Tukey's post hoc test where applicable. Statistical significance was set 

at P < 0.05.

3. Results

3.1. BCP model establishment and dose-dependent analgesic 

effects of ESK

As shown in Figure 1A, a rat model of BCP was established in 

accordance with previously reported protocols30. Both 3D-CT imaging 

and H&E staining results confirmed tumor-induced bone destruction 

in the BCP group while showing no structural abnormalities in the 

Sham group (Figure 1B and C). Behavioral assessments (Figure 1D 
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and E) demonstrated that by POD12, the BCP group exhibited 

significantly decreased PWT and PWL compared to the Sham group, 

indicating successful model induction. Longitudinal tumor size and 

body weight of rats after tumor inoculation are shown in Table 1.

To investigate the analgesic effects of ESK, the BCP group received 

continuous intrathecal injection of ESK (20, 40, 60 μg) from POD 13 

to 16. Behavioral test revealed a dose-dependent increase in PWT and 

PWL in ESK-treated rats (Figure 1F and G), whereas no such 

improvement was observed in the vehicle-treated BCP group. The 

highest dose (60 μg) exhibited the most significant effect. To evaluate 

potential motor impairments following repeated ESK administration, 

a rotarod test was performed. As shown in Figure 1H, no significant 

motor performance differences were observed between the vehicle 

and ESK groups under the conditions tested.

To assess the temporal profile of glial activation in BCP, we 

performed double immunofluorescence staining for Iba-1 and GFAP in 

the SDH. Iba-1 expression increased from POD6 and remained 

elevated through POD18, while GFAP expression was significantly 

upregulated at POD12 and POD18 but unchanged at POD6. 

Quantitative analysis confirmed early microglial and delayed 

astrocytic activation (Figure 1I–K). These results are consistent with 
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previous reports describing sequential glial activation following 

tumor-induced bone injury31.

3.2. ESK improves gait performance and anxiety-like behavior

Gait analysis using the CatWalk system revealed significant locomotor 

impairments in BCP rats in contrast to the Sham group (Figure 2A) 

32. Particularly, BCP rats displayed significant gait disturbances, 

including a reduced maximum contact area, decreased print intensity, 

prolonged single stance phase, and altered swing duration (Figure 

2B-E), indicating impaired weight-bearing and movement asymmetry 

due to pain. In the high-dose ESK group (BCP + ESK-60), these gait 

parameters were partially improved compared to vehicle-treated BCP 

rats.

In the OFT test (Figure 2F), BCP rats showed decreased exploratory 

activity and increased anxiety-like behavior, indicating a reduction in 

both distance and time (Figure 2G-H) spent in the center area.These 

changes suggest heightened pain-related anxiety and avoidance 

behavior. The ESK administration significantly reversed these effects, 

increasing both the distance and time in the center area, indicating 

reduced anxiety-like behavior and improved exploratory activity.

3.3. ESK dose-dependently inhibits microglia and astrocyte 
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activation

Immunofluorescence analysis revealed marked upregulation of Iba-1 

and GFAP in the SDH of BCP rats, indicating pronounced microglial 

and astrocytic activation (Figure 3A–C). Esketamine treatment 

reduced the expression of both markers in a dose-dependent manner, 

with the 60 μg group showing the strongest reduction. Morphological 

assessment further showed hypertrophic changes in Iba-1-positive 

microglia and GFAP-positive astrocytes in the BCP group, and these 

changes appeared less pronounced after ESK administration.

The WB analysis corroborated the IF findings (Figure 3D). Both Iba-

1 and GFAP were significantly increased in the BCP + Vehicle group 

compared to the Sham group. The ESK dose-dependently diminished 

both levels, with the highest dose showing the most significant 

suppression (Figure 3E and F). Quantitative densitometric analysis 

showcased that Iba-1 levels in the BCP group were approximately 

2.75-fold higher than in the Sham group, while GFAP levels were 2.30-

fold higher. Following ESK administration, Iba-1 expression decreased 

by 29.2% (low-dose), 46.2% (medium-dose), and 58.3% (high-dose), 

whereas GFAP expression declined by 17.4% (low-dose), 32.6% 

(medium-dose), and 47.2% (high-dose).

To further confirm the role of glial cells in inflammatory responses, 
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BCP rats received continuous intrathecal injection of fluorocitrate (an 

astrocyte inhibitor) or minocycline (a microglial inhibitor) from POD 

13 to 16. As shown in Figure 3G, both treatments increased PWT, 

suggesting alleviation of mechanical allodynia. Immunofluorescence 

staining revealed that GFAP and Iba-1 expression in the SDH were 

significantly reduced after respective inhibitor treatments (Figure 3H 

to K). In parallel, Western blot analysis showed that the expression 

levels of IL-1β, IL-6, and TNF-α were also reduced following glial 

inhibition (Figure 3L to O). These data support an association 

between glial activation and elevated proinflammatory cytokines 

during BCP.

3.4. ESK dose-dependently downregulates pro-inflammatory 

cytokines

The outcomes of ELISA (Figure 4A to C) manifested that the BCP 

group exhibited significantly increased IL-1β, IL-6 and TNF-α levels in 

contrast to the Sham group, indicating a heightened inflammatory 

response associated with BCP. The ESK administration dose-

dependently suppressed cytokine levels, with the highest dose (60 μg) 

showing the most pronounced reduction. Specifically, IL-1β levels 

were reduced by 21.0% (low-dose), 36.0% (medium-dose), and 43.3% 

(high-dose), IL-6 levels decreased by 17.9%, 41.3%, and 60.3%, and 
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TNF-α levels were lowered by 21.6%, 38.1%, and 51.9%, respectively. 

These results indicate that ESK administration was associated with 

reduced inflammatory cytokine levels in a dose-dependent fashion.

The findings of WB analysis further confirmed these results (Figure 

4D to G) by revealing significantly overexpressed cytokine levels in 

the BCP + Vehicle group compared to the Sham group. The ESK 

treatment resulted in a significant, dose-dependent reduction in these 

inflammatory markers, with the high-dose group showing the greatest 

reduction. Densitometric analysis results elucidated that IL-1β 

expression in the BCP group was 4.18-fold higher than in the Sham 

group, while IL-6 and TNF-α levels were 3.48-fold and 3.65-fold higher, 

respectively. Following ESK administration, IL-1β expression 

decreased by 22.4% (low-dose), 37.1% (medium-dose), and 65.2% 

(high-dose), IL-6 expression was reduced by 14.4%, 44.2%, and 58.2%, 

and TNF-α expression decreased by 23.1%, 54.4%, and 61.5%. IF 

(Figure 4H-J) showed strong fluorescence signals for IL-1β, IL-6 and 

TNF-α in the SDH of BCP + Vehicle rats. In ESK-treated groups, 

fluorescence intensity was reduced in a dose-dependent manner. 

Quantitative analysis (Figure 4K) supported significantly lower 

cytokine signals compared with the BCP + Vehicle group.

3.5. ESK inhibits MAPK pathway activation in the SDH of BCP 
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rats

The WB outcomes revealed significantly increased JNK (p-JNK), p38 

(p-p38), and ERK (p-ERK) phosphorylation levels in the spinal cord of 

the BCP + Vehicle group compared to the Sham group, indicating 

MAPK pathway activation in response to BCP (Figure 5A). The ESK 

treatment effectively and dose-dependently reduced the 

phosphorylation levels of these markers, with the highest dose (60 μg) 

exerting the most pronounced inhibitory effect (Figure 5B to D). 

Densitometric analysis revealed that p-JNK expression in the BCP 

group was 2.10-fold higher than in the Sham group, while p-p38 and 

p-ERK levels were 2.23-fold and 1.99-fold higher, respectively. 

Following ESK administration, p-JNK expression decreased by 30.8% 

(low-dose), 40.2% (medium-dose), and 52.9% (high-dose), p-p38 

expression was reduced by 26.7%, 34.9%, and 46.3%, and p-ERK 

expression decreased by 23.4%, 38.1%, and 43.5%, respectively.

Given that ESK inhibited MAPK pathway activation, subsequent 

analyses specifically focused on the p38 and JNK branches due to their 

critical roles in glial activation and neuroinflammatory signaling. This 

approach aimed to elucidate whether ESK's analgesic effects are 

mediated through modulation of glia-related MAPK activity. To further 

assess the functional relevance of MAPK signaling in BCP, 
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pharmacological inhibition of p38 and JNK was conducted using 

SB203580 and SP600125, respectively. These inhibitors were 

intrathecally administered alone or in combination with ESK from 

POD13 to 16 (Figure 5E). Behavioral testing showed that both 

inhibitors partially alleviated mechanical allodynia, as evidenced by 

increased PWT (Figure 5F). Notably, co-administration of MAPK 

inhibitors did not significantly enhance ESK’s analgesic effect. 

Western blotting of spinal cord tissue revealed that SB203580 and 

SP600125 treatments decreased the expression of IL-1β, IL-6, and 

TNF-α (Figure 5G to J), mirroring the cytokine-suppressing effect 

observed with ESK treatment. These results suggest that MAPK 

p38/JNK activation is associated with cytokine upregulation in BCP, 

and that ESK may exert part of its effect through inhibition of this 

pathway.

Discussion

The present study showed that ESK alleviates BCP in a dose-

dependent manner, with improvements in pain hypersensitivity, gait 

performance, and anxiety-like behaviors. Mechanistically, we suggest 

that ESK exerts its analgesic impacts by inhibiting microglial and 

astrocytic activation, suppressing pro-inflammatory cytokine release, 

and downregulating the MAPK signaling pathway in the SDH. 
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Moreover, while our findings primarily highlight the role of MAPK 

signaling inhibition, it is important to consider that ESK's analgesic 

effects may also involve additional mechanisms. As a potent NMDA 

receptor antagonist8, ESK is capable of reducing neuronal excitability 

and attenuating central sensitization, both of which are critical 

contributors to the pathogenesis and persistence of chronic pain. This 

complementary mechanism suggests that ESK may simultaneously 

modulate neuronal and glial activities, providing a broader basis for 

its analgesic efficacy in BCP.

The successful BCP model establishment was validated by 3D-CT 

imaging, H&E staining, and pain behavioral tests, which 

demonstrated osteolytic bone destruction and significant pain 

hypersensitivity. As expected, BCP rats displayed lowered PWT and 

PWL, altered gait parameters, and anxiety-like behaviors, all of which 

are consistent with previous reports on the pathophysiology of BCP33, 

34. The ESK administration dose-dependently reversed these 

behavioral deficits, with the highest dose (60 μg) showing the most 

pronounced analgesic effects. These findings suggest that ESK not 

only attenuates pain perception but also improves locomotor function 

and emotional state, which are critical factors impacting the quality of 

life in cancer patients. 
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Glial activation in the spinal cord is indispensable in BCP 

development and maintenance35. Once activated, microglia and 

astrocytes release pro-inflammatory cytokines, contributing to central 

sensitization and persistent pain states36. Consistent with previous 

studies, our results showed significantly overexpressed Iba-1 and 

GFAP in the BCP group, indicating robust microglial and astrocytic 

activation37. The administration of ESK dose-dependently and 

significantly suppressed Iba-1 and GFAP expression, indicating that 

its analgesic effects may partially result from the inhibition of glial 

activation. Notably, microglial inhibition has been identified as a key 

target for chronic pain therapies, and our study provides further 

evidence supporting the role of ESK in modulating neuroinflammatory 

pathways beyond its classical NMDA receptor blockade. To further 

validate the causal role of glial cells in mediating inflammatory 

responses, we performed additional experiments using selective glial 

inhibitors. Continuous intrathecal injection of fluorocitrate (astrocyte 

inhibitor) and minocycline (microglial inhibitor) significantly 

attenuated mechanical allodynia and reduced the expression of IL-1β, 

IL-6, and TNF-α in the SDH. These results provide direct evidence that 

glial activation contributes to spinal cytokine production during BCP, 

and that modulation of glial reactivity may represent a key mechanism 
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underlying the analgesic effects of ESK.

Neuroinflammation is a major driver of BCP, with IL-1β, IL-6 and 

TNF-α playing pivotal roles in amplifying nociceptive transmission38. 

Our results showed that BCP rats exhibited significantly elevated 

levels of these cytokines, consistent with previous findings that 

inflammation-induced hyperalgesia is a hallmark of cancer pain. The 

ESK administration led to a dose-dependent reduction in IL-1β, IL-6 

and TNF-α expression, highlighting its anti-inflammatory potential. 

This aligns with reports that ESK can modulate immune responses by 

impeding pro-inflammatory cytokine production. Importantly, chronic 

pain is often associated with a systemic inflammatory state, and ESK’s 

ability to suppress neuroinflammation suggests that it may have 

broader implications in managing other inflammatory pain conditions.

The MAPK signaling pathway, including JNK, p38, and ERK, is 

crucial in regulating glial activation and inflammatory responses in 

the spinal cord39. Our study demonstrated that BCP induced 

significant p-JNK, p-p38, and p-ERK upregulation, indicating 

hyperactivation of the MAPK pathway. Previous studies have shown 

that p-p38 was predominantly expressed in microglia40, whereas p-

JNK was highly localized in astrocytes39, suggesting distinct roles for 

different MAPK subtypes in pain pathogenesis. The ESK 
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administration significantly reduced JNK, p38, and ERK 

phosphorylation levels, with the most pronounced inhibition observed 

in the high-dose group. To further confirm the involvement of MAPK 

signaling in mediating nociceptive and inflammatory responses, we 

employed selective MAPK inhibitors (SB203580 for p38 and SP600125 

for JNK) administered intrathecally, either alone or in combination 

with ESK. Inhibitor treatment alleviated mechanical allodynia and 

reduced spinal cytokine expression. Notably, co-administration of 

MAPK inhibitors did not significantly enhance the analgesic effect of 

ESK, indicating that ESK’s antinociceptive action is largely, though 

not exclusively, mediated through inhibition of the MAPK pathway.

Although ESK’s effects on pain relief have been extensively studied, 

its precise mechanisms in modulating glial function remain 

incompletely understood41. Beyond NMDA receptor antagonism, ESK 

has been shown to influence a range of molecular targets, including 

opioid receptors, monoamine pathways, and voltage-gated ion 

channels, all of which may contribute to its analgesic profile42-44. 

Moreover, accumulating evidence suggests that ESK can modulate 

PI3K/AKT signaling, which is crucial in governing neuroprotection8. 

Given these promising preclinical findings, the clinical translation of 

ESK for cancer pain management warrants careful consideration. Its 
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rapid onset of analgesia and dual actions on neuronal excitability and 

neuroinflammation suggest that ESK may offer advantages over 

traditional analgesics. However, potential risks, including dissociative 

symptoms, cognitive impairment, and cardiovascular side effects 

associated with NMDA receptor antagonists, must be critically 

evaluated45-48. In addition, a more critical discussion of clinical 

implications is warranted. The potential adverse effects and 

neurotoxicity of intrathecal ESK, along with the risks of infection, 

meningitis, and catheter-related complications, should be carefully 

evaluated to ensure the safety and practicality of this administration 

route in cancer patients. Future studies should explore alternative 

delivery methods. Approaches such as nanoparticle-based 

formulations or sustained-release hydrogels could enhance ESK’s 

therapeutic window while minimizing systemic side effects49, 50. 

Future rigorous clinical trials are essential to validate the therapeutic 

potential of ESK and to establish evidence-based guidelines for its use 

in managing cancer-related pain.

Compared to traditional analgesics such as opioids, ESK exhibits a 

favorable safety profile by reducing the risk of respiratory depression, 

tolerance development, and opioid-induced hyperalgesia51. 

Furthermore, unlike opioids, ESK has demonstrated rapid-acting 
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antidepressant effects, which could be particularly beneficial for 

cancer patients who often suffer from comorbid depression52. 

Additionally, compared to ketamine, another NMDA receptor 

antagonist widely used for pain management, ESK offers advantages 

including a lower incidence of psychotomimetic side effects and more 

predictable pharmacokinetics53. While both ESK and ketamine exert 

analgesic effects through NMDA receptor blockade, ESK’s modulation 

of glial activation and inflammatory pathways, as demonstrated in this 

study, suggests a broader mechanism of action that may confer 

additional benefits in managing chronic and cancer-related pain. This 

multifaceted action positions ESK as a promising candidate in 

contemporary pain management, particularly for patients who are 

intolerant or refractory to conventional treatments.

Despite these encouraprior literature, future research should aim to 

clarify the potential interaction between MAPK and other signaling 

pathways, such as PI3K/AKT/mTOR, NF-κB, or TLR4, which are also 

implicated in neuroinflammation and central sensitization in bone 

cancer pain models54. Previous studies have shging findings, several 

key issues remain unresolved. Based on the current study and own 

that these pathways may converge on common downstream targets 

influencing cytokine expression and synaptic plasticity, suggesting 
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that ESK’s analgesic effects may involve broader molecular networks. 

Furthermore, whether repeated intrathecal administration of ESK 

may induce pharmacodynamic tolerance or desensitization-similar to 

opioid-induced tolerance-remains unknown. Long-term animal studies 

using chronic dosing regimens will be essential to determine the 

sustainability of analgesic efficacy and to monitor potential 

neurotoxicity or compensatory glial responses. Lastly, incorporating 

multi-omics approaches such as transcriptomic or proteomic profiling 

could help uncover novel molecular targets influenced by ESK, and 

guide the development of combination strategies that enhance and 

prolong its therapeutic benefit. Several limitations of this study should 

be acknowledged. First, all experiments were performed in a rat 

model of bone cancer pain, and animal models cannot fully capture 

the complexity of human cancer pain syndromes. Second, only female 

rats were used, and potential sex-related differences were not 

addressed. Third, the study focused on a short observation period (up 

to POD 18), and the long-term efficacy, tolerance, and potential 

neurotoxicity of repeated intrathecal ESK administration remain to be 

clarified. Fourth, while MAPK signaling and glial activation were 

identified as key mechanisms, other relevant pathways such as NF-κB, 

PI3K/AKT, or TLR4 were not systematically investigated.
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In summary, our study provides evidence that ESK effectively 

alleviates BCP by inhibiting glial activation, reducing 

neuroinflammatory cytokine production, and suppressing MAPK 

signaling (Figure 6). Supplementary pharmacological experiments 

further confirm the causal role of glia and MAPK pathways in 

mediating nociceptive sensitization and inflammatory signaling. Our 

findings offer innovative perspectives into ESK mechanisms beyond 

NMDA receptor antagonism, highlighting its potential as a multimodal 

analgesic in cancer pain treatment. Future research focusing on long-

term efficacy, optimal dosing strategies, and alternative molecular 

pathways will be crucial in further developing ESK as a therapeutic 

option for chronic pain conditions.

Conclusion

This study demonstrates that ESK alleviates bone cancer pain in a 

dose-dependent manner by inhibiting glial activation, reducing pro-

inflammatory cytokines, and suppressing MAPK signaling in the SDH. 

Pharmacological validation confirms the involvement of glia and 

MAPK pathways in ESK’s effects. These findings support ESK as a 

promising multimodal analgesic for cancer pain. Further studies are 

needed to optimize dosing and evaluate long-term safety for clinical 
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use.
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Figure 1. BCP Model Establishment and ESK Dose-dependent 

Analgesic Effects 

(A) Experimental timeline illustrating BCP surgery, followed by 

behavioral assessments of mechanical allodynia and thermal 

hyperalgesia. (B) 3D-CT images: Tumor-induced osteolysis in the 

affected tibia. (C) H&E staining of the tibia: Bone destruction and 

tumor infiltration in the BCP model. Scale bar: 50 μm. (D–E) 

Behavioral assessments: Pain hypersensitivity in sham and BCP rats. 

Significantly decreased PWT (D) and PWL (E) in BCP rats vs. sham-

operated controls. Data are mean ± SEM of biological replicates n = 

7–8 rats/group. Two-way ANOVA with repeated measures followed by 

post hoc Tukey test. **P < 0.01, ***P < 0.001 versus Sham group. (F–H) 

Intrathecal administration of ESK (20, 40, and 60 μg) dose-

dependently mitigated PWT (F) and PWL (G). Compared to baseline 

performance, intrathecal administration of ESK over four consecutive 

days did not alter motor function (H). Data are mean ± SEM of 

biological replicates n = 7–8 rats/group. Two-way ANOVA with 

repeated measures followed by post hoc Tukey test. *P < 0.05, **P < 

0.01, ***P < 0.001 vs. BCP + Vehicle; #P < 0.05 vs. BCP + ES-2 at 

corresponding time points. (I–K) Representative double 

immunofluorescence images showing Iba-1 (green), GFAP (red), and 
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DAPI (blue) in the SDH (I). Iba-1 expression increased from POD6 and 

remained elevated through POD18, while GFAP expression was 

significantly upregulated at POD12 and POD18. Quantification of 

fluorescence intensity (J, K) confirms these changes. Scale bars: 50 μm. 

Data are mean ± SEM of biological replicates n = 3. *P < 0.05, **P < 

0.01, ***P < 0.001 vs. Sham, One-way ANOVA with repeated measures 

followed by post hoc Tukey test.

Figure 2. ESK Improves Gait Performance and Anxiety-like 

Behavior 

(A) CatWalk: Gait patterns, displaying print view, foot pattern, print 

intensity, and timing view. (B-E) Quantification of gait alterations: 

Maximum contact area (B), mean intensity (C), single stance duration 

(D), and swing duration (E) of the left hind paw compared to the right 

hind paw. (F) Representative open field test (OFT): Tracks in the three 

groups, with the central area indicating in red. (G–H) Quantification 

of OFT parameters: Percentage of total distance traveled and (G) total 

time spent in the central area (H). Data are mean ± SEM of biological 

replicates n = 8. *P < 0.05, ***P < 0.001, One-way ANOVA with 

repeated measures followed by post hoc Tukey test.

Figure 3. ESK dose-dependently inhibits microglia and 
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astrocyte activation

(A-C) Representative immunofluorescence images showing Iba-1 

(green), GFAP (red), and DAPI (blue) expression in the SDH across 

treatment groups (A). Esketamine dose-dependently reduced glial 

activation. Data are mean ± SEM of biological replicates n = 3. ***P 

< 0.001 vs. sham plus vehicle group; #P < 0.05, ##P < 0.01, ###P < 

0.001 vs. BCP + vehicle group, One-way ANOVA with repeated 

measures followed by post hoc Tukey test. Scale bars: 50 μm. (D) 

Representative Western blot (WB) images: GFAP and Iba-1 protein 

levels in different groups. (E–F) Quantification of WB: Iba-1 (E) and 

GFAP (F) normalized to β-actin. Data are mean ± SEM of biological 

replicates n = 3. ***P < 0.001 vs. sham group; #P < 0.05, ##P < 0.01, 

###P < 0.001 vs. BCP + vehicle group, One-way ANOVA with repeated 

measures followed by post hoc Tukey test. (G) Intrathecal injection of 

fluorocitrate (astrocyte inhibitor) and minocycline (microglial 

inhibitor) increased PWT on POD 13 to 16. Data are mean ± SEM of 

biological replicates n = 7–8/group. *P < 0.05 vs. BCP + Saline at 

corresponding time points, One-way ANOVA with repeated measures 

followed by post hoc Tukey test. (H-I) Immunofluorescence showed 

reduced GFAP (H) and Iba-1 (I) expression in the SDH following glial 

inhibition. Scale bar = 50 μm. (J-K) Quantification of GFAP and Iba-1 
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fluorescence intensity. Student’s unpaired t test, Data are mean ± 

SEM of biological replicates n = 3, *P < 0.05 versus saline group. (L) 

Western blotting image of IL-1β, IL-6, and TNF-α expression. (M–O) 

Western blotting quantitative analysis showed decreased cytokine 

levels after glial inhibition. Data are mean ± SEM of biological 

replicates n = 3. *P < 0.05, **P < 0.01 vs. BCP + Saline. ns, not 

significant, One-way ANOVA with repeated measures followed by post 

hoc Tukey test.

Figure 4 ESK dose-dependently downregulates pro-

inflammatory cytokines

(A-C) ELISA quantification of IL-1β (A), IL-6 (B), and TNF-α (C) levels 

in the SDH across different treatment groups. Data are mean ± SEM 

of biological replicates n = 3 rats/group. ***P < 0.001 versus sham 

plus vehicle group, #P < 0.05, ##P < 0.01, ###P < 0.001 versus BCP 

plus vehicle group, One-way ANOVA with repeated measures followed 

by post hoc Tukey test. (D) Representative WB images of IL-1β, IL-6, 

and TNF-α expression in the SDH. (E-G) Densitometric analysis of WB 

results for IL-1β (E), IL-6 (F), and TNF-α (G) normalized to β-actin. 

Data are mean ± SEM of biological replicates n = 3 rats/group. ***P 

< 0.001 versus sham plus vehicle group, #P < 0.05, ##P < 0.01, ###P 
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< 0.001 versus BCP plus vehicle group, ns, not significant. One-way 

ANOVA with repeated measures followed by post hoc Tukey test. (H-

J) Representative IF images showing IL-6 (H), IL-1β (I), and TNF-α (J) 

expression in the SDH, with DAPI counterstaining for nuclei. Scale bar: 

50 μm. (K) Quantification of mean IF intensity for IL-6, IL-1β, and 

TNF-α. Data are mean ± SEM of biological replicates n = 3 rats/group. 

*P < 0.05, **P < 0.01 versus BCP plus vehicle group, One-way ANOVA 

with repeated measures followed by post hoc Tukey test. 

Figure 5 ESK inhibits MAPK pathway activation in the SDH of 

BCP rats

(A-D) Representative WB images and quantification of phosphorylated 

JNK (B), p38 (C), and ERK (D) levels. Data are mean ± SEM of 

biological replicates n = 3. ***P < 0.001 versus sham plus vehicle 

group, #P < 0.05, ##P < 0.01, ###P < 0.001 versus BCP plus vehicle 

group, ns, not significant. One-way ANOVA with repeated measures 

followed by post hoc Tukey test. (E) Schematic of experimental 

timeline showing repeated intrathecal administration of ESK, 

SB203580 (p38 inhibitor), or SP600125 (JNK inhibitor) on POD 13 to 

16. (F) Co-treatment with ESK enhanced the MAPK inhibitors induced 

increase in PWT after intrathecal administration. Notably, co-
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administration of MAPK inhibitors did not further enhance ESK’s 

analgesic effect, suggesting that its antinociceptive action mainly 

involves MAPK pathway inhibition. Data are mean ± SEM of biological 

replicates n = 7–8 rats/group. Two-way ANOVA with repeated 

measures followed by post hoc Tukey test. *P < 0.05, **P < 0.01, ***P 

< 0.001 vs. BCP + DMSO; #P < 0.05, BCP+ ESK+SB203580 vs. BCP 

+ SB203580, BCP+ ESK+SP600125 vs. BCP + SP600125 at 

corresponding time points. (G) Western blot of IL-1β, IL-6, and TNF-α 

expression in the SDH. (H–J) Quantification of cytokine levels showed 

further reductions in IL-1β (H), IL-6 (I), and TNF-α (J) with combined 

ESK and MAPK inhibitor treatment. Data are mean ± SEM of 

biological replicates n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not 

significant. One-way ANOVA with repeated measures followed by post 

hoc Tukey test.

Figure 6 ESK inhibits the activation of microglia and astrocytes 

in the SDH of rats

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Esketamine Attenuates Bone Cancer Pain by 

Suppressing MAPK Signaling and Glial 

Activation in The Spinal Dorsal Horn of Rats
Table 1 Tumor size and body weight at different time points 

in the rat BCP model.

BCP-0d BCP-6d BCP-12d BCP-18d
Tumor measurements 
(mm) 0*0 5.2*4.1 11.4*9.7

18.1*16.
4

Rat weights (g)
186.4±4.
6

231.7±4.
9

277.3±5.
2 301±5.7
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