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Endoglin alleviates neuropathic pain by protecting the blood–spinal cord barrier through the TGF-β/Smad2 signaling pathway
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Introduction: Central neuroinflammation is pivotal in neuropathic pain pathogenesis, with blood-spinal cord barrier (BSCB) dysfunction recognized as a trigger for neuroinflammation and pain, though molecular mechanisms remain poorly understood.

Methods: Through comparative clinical studies measuring serum endoglin in postherpetic neuralgia (PHN) patients versus healthy controls, and animal investigations using spared nerve injury (SNI) rat models with recombinant endoglin intervention, we assessed mechanical/thermal hyperalgesia, microglial activation, inflammatory cytokines, BSCB permeability, and TGF-βRI/Smad2/NR2B phosphorylation.

Results: PHN patients exhibited lower serum endoglin versus controls; SNI rats showed reduced spinal endoglin compared to sham controls. Recombinant endoglin alleviated hyperalgesia while reversing microglial activation, inflammation, BSCB impairment, and NR2B phosphorylation. SNI decreased spinal TGF-βRI expression and Smad2 phosphorylation.

Discussion: These findings demonstrate that endoglin reduction disrupts BSCB integrity via TGF-β/Smad2 pathway inhibition in endothelial cells, driving microglial activation, neuroinflammation, and NR2B phosphorylation, thereby elucidating a key pain mechanism and identifying endoglin as a therapeutic target.
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Introduction

Neuropathic pain is widely recognized as one of the most challenging types of chronic pain to manage, with epidemiological studies indicating that it affects at least 30% of the global population (Cohen et al., 2021). Peripheral nerve injury (PNI) leading to neuropathic pain triggers multidimensional signaling pathway changes, one of the most prominent manifestations of which is neuroinflammation. Neuroinflammation is characterized by the infiltration of immune cells, glial cell activation, and the overexpression of neuroinflammatory cytokines (Basbaum et al., 2009). PNI can lead to structural destruction and increased permeability of BSCB, facilitating the migration of immune cells from circulation into the spinal parenchyma, the release of inflammatory mediators, and further activation of glial cells (Costigan et al., 2009). These central neuroinflammatory responses play a crucial role in both the initiation and maintenance of neuropathic pain (Zhang et al., 2007; Costigan et al., 2009; Tenorio et al., 2013; Xu et al., 2023). The BSCB is comprised of capillary endothelial cells, the basal lamina, pericytes, and astrocytes (Sauer et al., 2017). As a fundamental component of the spinal cord microenvironment, the BSCB serves to separate and connect the immune system with the peripheral and central nervous systems. However, the molecular mechanisms of BSCB dysfunction in neuropathic pain remain unclear.

Endothelial cells constitute a vital component of the blood–spinal cord barrier (BSCB) (Reinhold and Rittner, 2017). Endoglin, also known as CD105, is a type I transmembrane glycoprotein mainly expressed on the membranes of endothelial cells. It plays a crucial role in modulating the activity of endothelial cells in response to TGF-β signal transduction, influencing processes such as cell proliferation, differentiation, adhesion, and migration (Rakocevic et al., 2017). However, the role of endoglin in BSCB dysfunction and its regulation of neuropathic pain remains unknown.

Proteomics helps elucidate the pathogenesis of Neuropathic pain. Tandem mass tags (TMT) are an in vitro labeling technology that can be extensively applied to investigate differentially abundant proteins. Currently, the TMT-labeled quantitative proteomics technology can be combined with the highest-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology and achieve an accurate qualitative and quantitative analysis of proteins in 2–18 different samples simultaneously. In this study, we employed TMT-labeled quantitative proteomic technology to identify differentially expressed proteins (DEPs) in the PHN group compared to the healthy group and found that patients with PHN had lower blood endoglin levels than healthy subjects. Based on this finding, subsequent experimental studies in a spared nerve injury (SNI) rat model were designed to explore the functional role and mechanistic involvement of endoglin in neuropathic pain pathogenesis, with particular focus on its potential interaction with the TGF-β signaling pathway and blood–spinal cord barrier (BSCB) function.



Materials and methods


Study participants

The trial was approved by the Human Subjects Ethics Committee at the Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University (Approval No. KY2019054) and received authorization from the local ethics committee. It was also registered with the Chinese Clinical Trial Registry (Registration No. ChiCTR1900023655). All participants provided written informed consent upon inclusion and were recruited from the Affiliated Traditional Chinese Medicine Hospital of Southwest Medical University between June 2018 and April 2019. The trial adhered to the Declaration of Helsinki and Good Clinical Practice Guidelines.

Inclusion criteria were as follows: males and females aged between 50 and 80 years, with a body mass index (BMI) ranging from 18.0 to 25.0, a confirmed diagnosis of postherpetic neuralgia (PHN)—thoracic Herpes Zoster, and a visual analog scale (VAS) score of 4 or higher. Additionally, participants were required to have had inadequate pain relief from oral medications, including anticonvulsants, opioids, and antidepressants, for at least 1 month. Inclusion criteria for the healthy control group comprised: concurrently enrolled asymptomatic volunteers, age- and sex-matched to the PHN group, verified as healthy through medical examination with no significant organic or functional diseases; absence of other pain-related syndromes; no use of anticonvulsants, opioids, or antidepressants for pain relief within 1 month prior to enrollment; and provision of written informed consent.

Exclusion criteria included the presence of concomitant pain syndromes (e.g., complex regional pain syndrome, spinal cord injury, diabetic polyneuropathy, or fibromyalgia), serious concurrent systemic diseases (such as hyperlipidemia, hypertension, diabetes mellitus, myasthenia gravis, severe renal impairment, decreased lung function, shock, or liver dysfunction), infectious diseases (including human immunodeficiency virus (HIV), Hepatitis B, and syphilis), malignant tumors, and mental disorders (such as somatization, schizophrenia, or acute anxiety).



Clinical samples

According to the inclusion and exclusion criteria, the participants were divided into two groups: the PHN group and the healthy group, and experiments were performed with three biological replicates for each group. Serum samples were collected from the aforementioned study participants upon enrollment.



TMT-based quantitative proteomics analysis

Proteomic analysis of serum samples was performed by a TMT-based quantitative approach. The whole TMT-based quantitative proteomics analysis process includes protein extraction, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) electrophoresis, protein digestion, TMT labeling, reversed-phase liquid chromatography (RPLC) fractionation, liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis, and proteomics data analysis. Briefly, 40-μL of serum per sample was diluted with 10 × Binding Buffer and water. Albumin/IgG was removed using a spin column (pretreated with Binding Buffer). Samples were loaded, washed twice (600-μL Binding Buffer), and the filtrate was lyophilized. Proteins were resuspended in 300-μL of SDS lysis buffer, centrifuged (12,000 g, 15 min), and quantified via Bradford assay before storage at −80 °C. Then, 15-μg of protein per sample was separated on a 12% SDS-PAGE gel, fixed (2 h), and stained with Coomassie Brilliant Blue, Solarbio (C8430) (12 h). Gels were washed until bands were visible and scanned (300 dpi, GE ImageScanner, GE Healthcare). Notably, 100-μg of protein was reduced (10-mM of dithiothreitol (DTT), 60 °C, 1 h), alkylated (50-mM of iodoacetamide (IAA), 40 min, dark), and digested (trypsin, 37 °C, 12 h) on a 10 K ultrafiltration tube. Peptides were cleaned (100-mM of triethylammonium bicarbonate (TEAB), 12,000 rpm, 4 °C) and lyophilized. For TMT labeling, peptides were resuspended in 50-mM TEAB, mixed with TMT reagent (1 h, room temperature (RT)), and quenched with hydroxylamine. Labeled peptides were lyophilized and stored at −80 °C. Peptides were separated on an Agilent Zorbax reverse phase (RP, Agilent Zorbax) column (5 μm, 150 mm) using a gradient (2–98% acetonitrile (ACN), 300 μL/min, 210/280 nm). Fractions (8–50 min) were collected, lyophilized, and stored for mass spectrometry (MS). Samples were analyzed using a TripleTOF 5,600 MS (SCIEX, ThermoFisher (CHROMELEON7)) with a C18 trap column (3 cm × 100 μm) and analytical column (15 cm × 75 μm). Gradient: 2–95% ACN/0.1% formic acid (FA), 300 nL/min. MS settings: 2.4 kV spray voltage, 250-ms accumulation (400–1,500 m/z), and dynamic exclusion (22 s). MS/MS (100–1,500 m/z) was triggered for peaks with an intensity >260 (2–5 + charge).



Data and bioinformatics analysis

ProteinPilot software (version 5.0) was used to search all of the TripleTOF 5,600 MS/MS raw data thoroughly against the sample protein database. Database searches were performed with Trypsin digestion specificity, and the cysteine alkylation was considered as a parameter in the database searching. For the protein quantification method, iTRAQ8-plex was selected. A global false discovery rate (FDR) of <1% was used, and peptide groups considered for quantification required at least two peptides. For differentially abundant proteins, Gene Ontology (GO) enrichment1 and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway2 analyses were performed to describe functions. The differences were identified as significant by Student’s t-test analysis (p < 0.05).



Animal preparation and neuropathic pain model

Adult male Specific Pathogen Free (SPF) Sprague–Dawley (SD) rats, aged 6–8 weeks and weighing between 200 and 250 g, were obtained from the Animal Experimental Center of Southwest Medical University (SYXK (Sichuan) 2018–005). The animals were housed in pairs in a controlled environment at 23 ± 2 °C under a 12-h light/dark cycle, with ad libitum access to food and water. All experimental protocols were approved by the Laboratory Animal Ethics Committee of the Hospital of Traditional Chinese Medicine affiliated with Southwest Medical University (Approval No. 2020437).

Surgical procedures were performed under anesthesia using 2% isoflurane delivered in a mixture of 20% N2O and 80% O2. The right sciatic nerve was exposed at the trifurcation of the peroneal, tibial, and sural branches. The common peroneal and tibial nerves were ligated and transected, while the sural nerve was preserved intact. The sciatic nerve of rats with sham surgery was simply exposed without any further intervention (Tenorio et al., 2013). Following surgery, the rat’s surgical wounds were closed in layers: the fascia was approximated with 4-0 surgical sutures, followed by muscle repositioning and final skin closure. After suturing, povidone-iodine was applied for disinfection. Rats were monitored daily for signs of wound complications (swelling, redness, exudation, or dehiscence) following SNI surgery, with antibiotics administered if necessary.



Drug administration

Intrathecal injections were performed via lumbar puncture to deliver the reagent into the cerebrospinal fluid, following a modified technique (Gao et al., 2009; Inoue and Tsuda, 2018; Lertkiatmongkol et al., 2016). Rats received daily intrathecal injections of either recombinant endoglin protein (2 μg/mL, 10 μL, ImmunoClone, United States) or saline (control) in the fifth to sixth lumbar vertebra (L5–L6), starting immediately after SNI and continuing until day 14. For knockdown of Smad2 in the spinal cord, rats received daily intrathecal injections of small interfering RNA (siRNA) (Smad2) (2 μg/mL, 10 μL) in L5–L6, starting immediately after SNI and continuing until day 14. The following sequences were chosen to generate siRNA: sense, 5′-TATAACATGTGAACCCTTT-3′; antisense, 5′TATAACATGTGGCAACCCTTT-3′. Smad2-siRNA was generated in vitro using a siRNA construction kit (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. A successful spinal puncture was confirmed by observing a brisk tail-flick response following needle entry into the subarachnoid space (Gao et al., 2009). The paw withdrawal threshold (PWT) and paw withdrawal latency (PWL) tests were conducted at 0, 3, 7, and 14 days post-SNI surgery.



Assessment of thermal hyperalgesia and mechanical allodynia

The mechanical withdrawal threshold (MWT) was utilized to assess mechanical allodynia. For MWT measurements, rats were placed on a wire mesh floor inside a plastic box for 1 h to acclimatize to the testing environment. Von Frey filaments (North Coast Medical, San Jose, CA, United States), ranging from 2 to 26 g, were applied in ascending order to the plantar surface of the hind paw for approximately 5 s. The force that induced paw withdrawal was recorded. Each measurement was repeated across five sessions, with each session lasting no more than 5 s. After removing the extreme values, the average value was considered the MWT.

Thermal withdrawal latency (TWL) was employed to determine thermal hyperalgesia. For TWL measurements, each rat was placed in a box with a smooth, temperature-controlled glass floor. A heat source (Tes7370, Ugo Basile, Comerio, Italy) was focused on a section of the hind paw in contact with the glass, delivering a radiant thermal stimulus. Care was taken to monitor the heat application to prevent thermal damage to the plantar surface. The withdrawal latency of the right hind limb was recorded during thermal exposure. Each measurement was repeated across five sessions, allowing a 5-s interval between sessions. The hind paws were assessed alternately during consecutive tests, with intervals of at least 3 min between assessments. The TWL of the rats was calculated by averaging the values after excluding extreme measurements. To reduce the variability within individual rats in behavioral tests, we acclimatized the rats for 6 days before behavioral experiments.



Enzyme-linked immunosorbent assay (ELISA)

Blood was collected immediately by cardiac puncture into prechilled tubes containing EDTA under 2% isoflurane anesthesia. The blood samples of both humans and rats were allowed to clot for 2 h at room temperature, then centrifuged at 8,000 rpm for 15 min at 4 °C, and the supernatant serum (plasma) was collected and subsequently stored at −80 °C until analysis. The inflammatory tissues from the L4–L6 spinal cord were extracted, snap-frozen in liquid nitrogen, homogenized, and transferred to 1.5-mL electropolished (EP) tubes stored at −80 °C until analysis. The levels of endoglin, interleukin 1β (IL-1β), tumor necrosis factor alpha (TNF-α), and IL-6 in the serum and tissues were measured using commercial enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Beyotime Biotechnology, IL-6:PI328;IL-1β:PI303:TNF-α:PT516) according to standard procedures.



Transmission electron microscope

Transmission electron microscope (TEM) was employed to examine the integrity of the blood–spinal cord barrier in rats. Tissue samples were prefixed with 3% glutaraldehyde, followed by post-fixation in 1% osmium tetroxide. Subsequently, tissues underwent dehydration through a series of acetone treatments, were infiltrated with Epox 812, EMS (14120) for an extended period, and then embedded. Semithin sections were stained with methylene blue, while ultrathin sections were prepared using a diamond knife and stained with uranyl acetate and lead citrate. The sections were analyzed using a JEM-1400-FLASH transmission electron microscope, JEM-1400FLASH (Shasha et al., 2022).



Evans blue assay

The integrity of the BSCB was evaluated utilizing the Evans Blue (EB) leakage assay. The Evans Blue (EB) assay was performed as previously described (Goldim et al., 2019). Briefly, rats were anesthetized with 2% isoflurane and injected with EB (2 mL/kg). All injections were timed so that animals were exposed to the EB dye for 1 h when their mechanical thresholds were found to be lowest. Following this, animals were transcardially perfused with saline, and L4-L6 spinal cords were collected. Tissue weights were measured, and 1 mL of 50% (w/v in saline) trichloroacetic acid (TCA) was added per gram of tissue. Samples were homogenized and centrifuged for 20 min at 10,000 rpm. Supernatants were collected, diluted 4 times with ethanol, and the concentration of the extracted Evans Blue dye was determined spectrophotometrically at 620 nm, normalizing the mean dye content to the weight of the dissected spinal cord regions.



Immunofluorescence

Rats were anesthetized with 2% isoflurane and perfused through the ascending aorta with phosphate buffered saline (PBS), followed by 4% paraformaldehyde. Following perfusion, the L4–L6 spinal cord segments were removed and post-fixed in 4% paraformaldehyde overnight. Spinal cord segments were sectioned into 10-μm slices using a freezing microtome. Following a blocking step with 10% goat serum containing 0.3% Triton X-100 (Abcam), ab286840 for 1 h at 37 °C, slices were incubated overnight at 4 °C with anti-Iba-1 antibody (rabbit, 1:500, Abcam, ab178846) diluted in 10% goat serum. After three rinses with phosphate-buffered saline (PBS) for 10 min each, slices were incubated for 1 h at 37 °C with a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:1,000, Abcam, ab6785). Subsequently, slices were washed three additional times and counterstained with a mounting medium antifade with 4′,6-diamidino-2-phenylindole (DAPI) (Solarbio, Beijing, China) for 5 min. Images were captured using a fluorescence microscope (Leica, Germany).



Western blotting

Western blotting analysis was employed to quantify changes in protein expression. Rats were anesthetized with 2% isoflurane and perfused with phosphate-buffered saline (PBS) at 4 °C. The L4–L6 spinal cord was rapidly extracted and homogenized in ice-cold RIPA lysis buffer (Beyotime Corporation, Shanghai, China) following the manufacturer’s instructions. The lysates were stored at −80 °C until further analysis. Protein concentrations were measured using a bicinchoninic acid (BCA) Colorimetric Assay Kit (Thermo Scientific, 23227). Subsequently, spinal cord protein samples were loaded onto SDS-polyacrylamide gels and subjected to electrophoresis at 80 V for 90 min. Proteins were then transferred to a 0.2 μm nitrocellulose membrane using an electrical transfer process for 1 h; the membranes were blocked with 5% non-fat milk for 2 h at room temperature (Bio-Rad, United States). Following blocking, membranes were incubated overnight at 4 °C with various primary antibodies: anti-endoglin (mouse, 1:200, Santa Cruz, CA, United States), anti-TGF-βRI (rabbit, 1:1,000, Thermo Fisher Scientific, MA1-21595), anti-Smad2 (rabbit, 1:1,000, CST, 5339S), anti-p-Smad2 (rabbit, 1:1,000, CST, 8828S), and anti-β-actin monoclonal antibody (rabbit, 1:5000, Abcam, ab6276). After three rounds of washing with TBST for 10 min each, membranes were incubated at room temperature for 2 h with a horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (1:5,000, Beyotime, Shanghai, China). Membranes were treated with Western Chemiluminescent HRP Substrate (Biosharp, BL523B, BL520B) for 5 min in the dark. Resulting images were quantified and analyzed using ImageJ software (National Institutes of Health, MD, United States), with protein levels normalized to those of β-actin.



Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM) and were analyzed by investigators blinded to the experimental design. The unpaired Student’s t-test (two-tailed), one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test, and one-way and two-way repeated-measures ANOVA followed by Tukey’s multiple comparisons test were used. A criterion α level of 0.05 was set.




Results


Endoglin level was decreased in the peripheral blood serum of PHN patients

To identify differentially expressed proteins in the peripheral blood of PHN patients compared to healthy subjects, we first performed a screening using protein microarray technology (Figure 1A). The results showed that 48 proteins were upregulated while 79 proteins were downregulated (Figure 1B). Notably, endoglin was identified as the fourth most downregulated protein among these 79 proteins (Figures 1C,D).

[image: Panel A displays a volcano plot showing up-regulated, down-regulated, and non-significant data points with fold change and p-value axes. Panel B is a bar graph comparing the number of up-regulated versus down-regulated differentially expressed proteins (DEPs), with 48 up-regulated and 79 down-regulated. Panels C and D show bar charts of the top 20 up-regulated and down-regulated serum DEPs, respectively, with specific proteins labeled. Panel E presents a bar graph comparing endoglin levels in serum between healthy and PHN groups, indicating significantly higher levels in the PHN group.]

FIGURE 1
 Endoglin expression decreased in the peripheral blood of PHN patients. (A) Protein microarray showed the differential expression of proteins in the peripheral blood of PHN patients and healthy subjects; n = 3. (B) The results showed that 48 proteins were upregulated and 79 proteins were downregulated. (C) The top 20 upregulated proteins. (D) The top 20 downregulated proteins. (E) ELISA analysis showed endoglin was significantly downregulated in the serum of PHN patients compared with healthy subjects. PHN, postherpetic neuralgia; n = 30 participants in each group. Significance was assessed by a two-tailed unpaired Student’s t-test (E). ***p < 0.001. Data were presented as mean ± SEM.


Next, we recruited 30 healthy volunteers and 30 PHN patients and measured their peripheral blood endoglin levels to further validate the differential expression of endoglin in PHN patients. The results showed that the peripheral blood endoglin levels of PHN patients were significantly lower than those of healthy volunteers (Figure 1E). In addition, the visual analog scale (VAS) scores of PHN patients were significantly higher than those of healthy subjects, but no significant differences in age, gender or body mass index (BMI) were observed between the two groups (Table 1).


TABLE 1 The characteristics and VAS score of health and PHN groups.


	Group
	Number
	Age (years)
	Gender (male/female)
	BMI (kg/m2)
	VAS (scores)
	Endoglin (ng/mL)

 

 	Health group 	30 	66.7 ± 8.9 	13/17 	20.3 ± 1.6 	0 	79.03 ± 16.23


 	PHN group 	30 	63.9 ± 8.8 	19/11 	21.4 ± 1.2 	6.0 ± 0.8 	66.74 ± 19.58


 	t/x2 	/ 	1.16 	0.534 	1.05 	/ 	3.02


 	p 	/ 	0.25 	0.58 	0.32 	/ 	0.00




 



Downregulation of endoglin level in peripheral blood serum and spinal cord of SNI rats

We then examined the expression of endoglin in the peripheral blood of rats subjected to spinal nerve injury (SNI), which serves as an animal model for neuropathic pain. ELISA results showed SNI intervention significantly inhibited endoglin expression, consistent with our findings in patients with postherpetic neuralgia (PHN) (Figure 2A). To further investigate whether differential expression of endoglin occurs in the spinal cord at a critical time point in the maintenance of chronic pain, we assessed endoglin levels in the spinal cords of both the SNI and sham groups by ELISA and found that SNI intervention significantly reduced endoglin concentration in the L4–L6 spinal cord at 14 days after SNI (Figure 2B). Additionally, we utilized the Western blot to assess the expression of endoglin in the spinal cords of rats at 1, 3, 7, and 14 days following SNI. Our findings indicated that the expression of endoglin was significantly downregulated at 1, 3, 7, and 14 days following SNI. Notably, the expression of endoglin reached its nadir at 3 days after SNI (Figures 2C,D).

[image: Graphs and a western blot illustrate endoglin levels. Panel A shows serum endoglin significantly reduced in SNI compared to sham. Panel B displays similar reduction in spinal cord after SNI. Panel C depicts bands for endoglin and β-actin over time. Panel D quantifies endoglin expression relative to β-actin in SNI, showing increased levels over 14 days, with statistical significance indicated by asterisks.]

FIGURE 2
 Endoglin expression was downregulated in the peripheral blood and spinal cord of SNI rats. (A,B) ELISA showed that the levels of endoglin were significantly downregulated in the peripheral blood (A) and spinal cord (B) of SNI rats compared with sham rats at 14 days after SNI; n = 6 rats in each group. (C,D) Time course of expression of endoglin in the spinal cord of rats after SNI. (C) Representative immunoblots. (D) Data summary; n = 3 rats for each group. Significance was assessed by two-tailed unpaired Student’s t-test (A,B) and one-way ANOVA followed by Tukey’s multiple comparisons test (D). *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.




Intrathecal injection of recombinant endoglin protein significantly alleviates hyperalgesia in SNI rats

To examine the effect of spinal endoglin on neuropathic pain, recombinant endoglin protein (2 μg/mL, 10 μL) was intrathecally administered to SNI rats once a day. Rats that received SNI exhibited mechanical and thermal hyperalgesia. Conversely, Intrathecal injection of recombinant endoglin protein significantly alleviate hyperalgesia induced by SNI (Figures 3A,B). These findings suggest that endoglin in spinal cord may play an important role in development and persistence of neuropathic pain.

[image: Graphs A and B present data comparing sham, SNI, and ENG groups over postoperative days. Graph A shows paw withdrawal threshold in grams, while graph B shows thermal withdrawal latency in seconds. The sham group maintains higher thresholds and latencies, while the SNI and ENG groups show significant declines, with the SNI group decreasing the most. In contrast, the ENG group demonstrates consistently elevated pain thresholds relative to the SNI group across both mechanical and thermal modalities. Asterisks and hashtags indicate statistical significance.]

FIGURE 3
 Intrathecal injection of recombinant endoglin protein significantly alleviates hyperalgesia in SNI rats. (A) The paw withdrawal threshold of all rats on the day of SNI and at 3, 7, and 14 days after SNI; n = 30 rats in each group. (B) The thermal withdrawal latency of all rats on the day of SNI and at 3, 7, 14 days after SNI; n = 30 rats in each group. Significance was assessed by two-way repeated-measures ANOVA followed by Tukey’s multiple comparisons test (A,B). *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.




Intrathecal injection of recombinant endoglin protein can inhibit microglial activation and reduce inflammation in the spinal cord

Activation of microglia in the spinal cord plays a critical role in the manifestation of neuropathic pain (Inoue and Tsuda, 2018). To investigate the effect of endoglin on microglia of the spinal cord, we performed Iba-1 immunostaining to assess the activation of microglia in the L4–L6 region. The results showed that activation of microglia occurs at 3, 7, and 14 days after SNI, which was reversed by intrathecal injection of recombinant endoglin protein (Figures 4A,B).

[image: Panel A shows fluorescence microscopy images of three groups: Sham, SNI, and ENG, across three time points (3, 7, and 14 days). Each image reveals varying intensities of green fluorescence *labeling IBA-1*. Panel B features bar graphs indicating mean fluorescence intensity across the same groups and time points, with SNI and ENG generally higher than Sham though ENG consistently demonstrates reduced intensity relative to SNI. Statistical significance is noted with asterisks. Scale bars are 100 micrometers.]

FIGURE 4
 Intrathecal injection of recombinant endoglin protein significantly inhibited the microglia cell activation and neuroinflammation at L4–L6 spinal dorsal horn. (A) The represent immunofluorescence staining of Iba-1 (green) in the spinal dorsal horn of three groups of rats at 3, 7, and 14 days after SNI. (B) Data summary further confirmed that intrathecal injection of recombinant endoglin protein significantly inhibited the microglia cell activation; n = 3 rats in each group. Significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test (B). ***p < 0.001. Data were presented as mean ± SEM.


Central inflammation plays a critical role in the development of neuropathic pain, with the onset of central inflammation frequently linked to the infiltration of peripheral immune cells and factors that breach the blood–spinal cord barrier (Jin et al., 2021). We quantify the levels of inflammatory cytokines TNF-α, IL-1β, and IL-6 in peripheral blood serum and the L4–L6 spinal cord in a time-course manner. The findings indicated that the levels of peripheral inflammatory cytokines increased and reached a peak at 1 day after SNI. These cytokines in the spinal cord increased and peaked at 3 days after SNI and remained until 14 days after SNI (Figures 5A–F). This observed temporal pattern, characterized by an initial peak in peripheral inflammatory factors followed by a subsequent peak in spinal cord inflammatory factors, suggests a potential correlation between central inflammation and peripheral inflammatory infiltration.

[image: Graphs display inflammatory cytokine levels (TNF-α, IL-1β, IL-6) in serum and spinal cord of SD rats over multiple days after spared nerve injury (SNI). Each graph (A-L) compares sham,SNI and ENG groups at various time points, highlighting significant differences with asterisks. Data points indicate measurements with trend lines connecting them.]

FIGURE 5
 Expression of inflammatory factors in the peripheral blood and spinal cord of SNI rats. Time course of expression of TNF-α (A), IL-1β (B), and IL-6 (C) in peripheral blood serum; n = 8. Time course of expression of TNF-α (D), IL-1β (E), IL-6 (F) in spinal cord L4–L6 of rats; n = 8. The ELISA result shows the expression level of TNF-α (G), IL-1β (H), and IL-6 (I) in L4–L6 spinal dorsal horn at 3, 7, and 14 days after SNI in three groups. The ELISA result shows the expression level of TNF-α (G), IL-1β (H), and IL-6 (I) in peripheral blood serum at 3, 7, and 14 days after SNI in three groups. The black histogram represents the Sham group, the red histogram represents the SNI group, and the blue histogram represents the ENG group; n = 3 rats in each group. Significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test (A–F) and two-way repeated-measures ANOVA followed by Tukey’s multiple comparisons test (G–I). *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.


Then, we investigate the effect of endoglin on inflammatory cytokines of the spinal cord and peripheral blood. We found that the expression of these inflammatory factors was significantly elevated in the peripheral blood and L4–L6 spinal cord of SNI rats, while treatment with recombinant endoglin protein suppressed this upregulation (Figures 5G–L). These findings suggest that a reduction in endoglin may contribute to the onset and progression of neuropathic pain by modulating neuroinflammatory processes and microglia activation, and that recombinant endoglin protein may exert a protective effect by modulating these pathways.



Intrathecal injection of recombinant endoglin protein alleviates BSCB dysfunction induced by SNI

The impairment of the blood–spinal cord barrier contributed to peripheral inflammatory infiltration (Montague-Cardoso and Malcangio, 2021). To investigate whether the damage of blood–spinal cord barrier occurs in neuropathic pain, we employed transmission electron microscopy and Evans Blue staining to assess the dynamic alterations in the structure and function of the blood–spinal cord barrier in L4–L6 of rats induced by SNI. The results showed that relative to the rats without SNI, a significant structural disruption of the blood–spinal cord barrier occurred at 3 days after SNI, but not 1 day after SNI, manifested as irregular endothelial cell surface and loosely connected endothelial cells. At 7 days after SNI, loosely connected endothelial cells remained, while the endothelial cell surface was smooth. At 14 days after SNI, structural disruption in the blood–spinal cord barrier was reversed, manifested as regular endothelial cell surface and tightly connected endothelial cells. These electron microscopy results suggest that the most pronounced structural disruption occurred at 3 days after SNI (Figure 6A).

[image: A series of scientific images depicting nerve injury analysis over different time points. Panel A shows electron micrographs of nerve tissues labeled as Sham, 1 day, 3 day, 7 day, and 14 day, with arrows indicating specific features. Panel B presents fluorescent images showing Evans Blue dye uptake. Panel C is a bar graph displaying quantitative data of Evans Blue levels in tissue over time, with significance marked by asterisks. Panel D features electron micrographs for Sham, SNI, and ENG groups, with arrows highlighting details. Panel E shows corresponding fluorescent images. Panel F is a bar graph comparing Evans Blue levels across groups, also marked with significance indicators.]

FIGURE 6
 Dynamic changes in the structure and permeability of the blood–spinal cord barrier. (A) Dynamic structure changes of the blood–spinal barrier after SNI. The black arrow indicates the tight junction of endothelial cells. (B) changes of blood–spinal barrier permeability after SNI staining. (C) Quantitative analysis of Evens Blue in the L4–L6 spinal cord of SNI rats at each time point; n = 3 rats in each group. (D) The blood–spinal barrier structure of rats in each group. The black arrow indicates the tight junction of endothelial cells. (E) Blood–spinal barrier permeability of rats in each group. (F) Quantitative analysis of Evens Blue in the L4–L6 spinal cord of three groups; n = 3 rats in each group. Significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test (C,F). *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.


Additionally, the results from the Evans Blue staining experiments showed that, in comparison to the rats without SNI, leakage of Evans Blue dye was evident at 1, 3, 7, and 14 days after SNI, with the most significant leakage occurring at 3 days after SNI, indicating a substantial increase in the permeability of the blood–spinal cord barrier (Figures 6B,C). Collectively, these findings suggest that the structural and functional integrity of the blood–spinal cord barrier in the dorsal horn of the L4–L6 spinal cord in rats is compromised following SNI, with the most severe structural damage and highest permeability observed at 3 days after SNI, which is consistent with the expression pattern of endoglin.

To examine the role of endoglin on the structure and function of the blood–spinal cord barrier within the dorsal horn of SNI rats, we intrathecally injected recombinant endoglin protein (2 μg/mL, 10 μL) into SNI rats once a day, then conducted transmission electron microscopy and Evans Blue staining at 3 days after SNI. The findings showed that the SNI group exhibited marked structural disruption of the blood–spinal cord barrier, characterized by pronounced gaps in the tight junctions of endothelial cells. Conversely, following intrathecal administration of recombinant endoglin protein reversed SNI-induced structural disruption and increased permeability of the blood–spinal cord barrier (Figures 6D–F). These findings support that downregulated endoglin facilitates structural and functional damage of the blood–spinal cord barrier in the dorsal horn of SNI rats.



Intrathecal injection of recombinant endoglin protein inhibits the phosphorylation of NR2B at Tyr1472 induced by SNI

The activation of N-methyl-D-aspartate receptors (NMDAR) in the spinal cord has been implicated in the development and maintenance of chronic neuropathic pain (Peterson et al., 2021). NR2B, a regulatory subunit of NMDARs, plays a critical role in this process. Phosphorylation of NR2B at Tyr1472 stabilizes NMDARs on the plasma membrane and enhances NMDA receptor-mediated calcium influx, thereby contributing to neuronal hyperexcitability and pain sensitization (Chen and Roche, 2007). Previous studies have demonstrated that the development and maintenance of neuropathic pain following peripheral nerve injury is critically dependent on phosphorylation of Tyr1472-NR2B in spinal dorsal horn neurons (Katano et al., 2016). To investigate the role of endoglin in this process, we examined its effect on phosphorylation of Tyr1472-NR2B. Our results revealed that phosphorylation of Tyr1472-NR2B was significantly increased in the L4–L6 spinal cord at 14 days after SNI. However, intrathecal administration of recombinant endoglin protein effectively suppressed this phosphorylation (Figures 7A,B). These findings suggest that a reduction in endoglin levels contributes to NMDAR activation by promoting phosphorylation of Tyr1472-NR2B, and that recombinant endoglin protein may exert a protective effect by modulating this pathway.

[image: Western blot and bar graph showing p-NR2B and β-actin expression in sham, SNI, and ENG groups. Panel A: p-NR2B band at 190 kD is stronger in SNI and ENG compared to sham. β-actin band at 42 kD is consistent across groups. Panel B: Bar graph depicts relative p-NR2B expression normalized to β-actin. Compared to sham, the SNI group shows a significant increase (p<0.001). Critically, ENG demonstrates a significant reduction relative to SNI (p<0.05).]

FIGURE 7
 Intrathecal injection of recombinant endoglin protein inhibits SNI-induced phosphorylation of NR2B at Tyr1472. Phosphorylation level of Tyr1472-NR2B in the spinal cord at 14 days after SNI. (A) Representative immunoblots. (B) Data summary (n = 3 rats for each group). Significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.




Intrathecal injection of recombinant endoglin protein inhibits SNI-induced BSCB dysfunction through the TGF-β/Smad2 signaling pathway

Next, we investigated the mechanism by which intrathecal injection of recombinant endoglin protein inhibits SNI-induced BSCB dysfunction. The TGF-β/Smad signaling pathway plays a pivotal role in regulating the proliferation, migration, and differentiation of vascular endothelial cells, which are critical for maintaining the integrity of the vascular endothelial basement membrane (Massagué and Sheppard, 2023). Recent studies have shown that endoglin can form a signaling complex with TGF-β receptors, leading to the phosphorylation and activation of the downstream Smad signaling pathway (Xueqin et al., 2023). Based on these findings, we hypothesized that intrathecal administration of recombinant endoglin protein may alleviate SNI-induced BSCB dysfunction by activating TGF-β/Smad2 signaling pathway. To test this hypothesis, we assessed the expression of Type I TGF-β receptor (TGF-βRI), Smad2, and phosphorylated Smad2 (p-Smad2) in the L4–L6 dorsal horn at 3 days after SNI. Our results found that SNI significantly decreased the expression of TGF-βRI and the phosphorylation of Smad2 in the spinal cord, while the total levels of Smad2 remained unaltered. Conversely, intrathecal administration of recombinant endoglin protein reversed SNI-induced reduction in both TGF-βRI expression and Smad2 phosphorylation (Figures 8A–E).

[image: Western blot and bar graph results show expression levels of Endoglin, Smad2, p-Smad2, and TGFβR1 across Sham, SNI, and ENG groups, with significant differences indicated. Smad2 expression is also shown between siRNA (NC) and siRNA (Smad2) treatments. Electron microscopy images display cellular structures with siRNA effects, and fluorescent images reveal microstructures under different treatments. A bar graph illustrates Evans Blue accumulation, with significant variation across conditions. Statistical significance is indicated with asterisks.]

FIGURE 8
 Intrathecal injection of recombinant endoglin protein inhibits SNI-induced BSCB dysfunction through TGF-β/Smad2 signaling pathway. Expressions of endoglin, Smad2, p-Smad2, and TGF-βRI in the spinal cord of rats in each group at 3 days after SNI. (A) Representative immunoblots. (B–E) Data summary (n = 3 rats for each group). (F) Intrathecal administration of siRNA (Smad2) decreased Smad2 expression in spinal cord (n = 3 rats for each group). (G) The blood–spinal barrier structure of rats in each group. (H) Changes of blood–spinal barrier permeability in each group. (I) Quantitative analysis of Evens Blue in the L4–L6 spinal cord of each group. Significance was assessed by two-tailed unpaired Student’s t-test (F) and one-way ANOVA followed by Tukey’s multiple comparisons test (B–E). *p < 0.05, **p < 0.01, and ***p < 0.001. Data were presented as mean ± SEM.


To further elucidate the role of the TGF-β/Smad2 signaling pathway in this process, we performed Smad2 knockdown in the spinal cord via intrathecal administration of siRNA (Smad2) and verified the knockdown efficiency using western blot analysis (Figure 8F). Subsequently, we employed transmission electron microscopy to assess the structural and functional integrity of the BSCB in the L4–L6 spinal cord region. The results showed that intrathecal administration of recombinant endoglin protein reversed SNI-induced BSCB dysfunction, but this protective effect of recombinant endoglin protein on BSCB was abolished by knockdown of Smad2. These findings suggest that recombinant endoglin protein alleviates SNI-induced BSCB damage by activating the TGF-β/Smad2 signaling pathway (Figures 8G–I).



Intrathecal injection of recombinant endoglin protein inhibits SNI-induced NR2B phosphorylation and hyperalgesia via the TGF-β/Smad2 signaling pathway

To investigate whether intrathecal injection of recombinant endoglin protein inhibits SNI-induced phosphorylation of NR2B at Tyr1472 and hyperalgesia by activating TGF-β/Smad2 signaling pathway, we performed intrathecal administration of siRNA (Smad2) and recombinant endoglin protein and found that intrathecal administration of recombinant endoglin protein reversed SNI-induced Tyr1472-NR2B phosphorylation, as well as mechanical and thermal hyperalgesia, but this protective effect of recombinant endoglin protein on BSCB was abolished by knockdown of Smad2 (Figures 9A–C). Notably, upon Smad2 knockdown, recombinant endoglin failed to reduce pro-inflammatory cytokine levels in both serum and spinal dorsal horn. Thus, the anti-inflammatory effects induced by endoglin injection were abrogated by Smad2 siRNA interference (Figures 9D–I). These findings suggest that recombinant endoglin protein alleviates SNI-induced NR2B phosphorylation and hyperalgesia by activating TGF-β/Smad2 signaling pathway.

[image: Protein expression and physiological response data in various experimental groups. Panel A: Western blots showing p-NR2B, p-Smad2, and β-actin expressions across different treatments, with corresponding bar graphs indicating relative expression levels. Panels B and C: Line graphs depicting paw withdrawal threshold and thermal withdrawal latency over 14 days post-operation among different groups. Panels D to I: Bar graphs illustrating serum and spinal cord levels of TNF-α, IL-1β, and IL-6 in various treatment groups, showing statistical significance with asterisks.]

FIGURE 9
 Effect of intrathecal injection of siRNA (Smad2) on SNI-induced NR2B phosphorylation, hyperalgesia, and inflammatory factors in peripheral blood and spinal cord. (A) Expressions of p-Smad2 and p-NR2B in the spinal cord of rats in each group at 14 days after SNI; n = 3 rats for each group. (B) The paw withdrawal threshold of each group of rats on the day of SNI and at 3, 7, and 14 days after SNI; n = 5 rats in each group. (C) The thermal withdrawal latency of each group of rats on the day of SNI and at 3, 7, and 14 days after SNI. (D–F) The ELISA result shows the expression level of TNF-α (D), IL-1β (E), and IL-6 (F) in peripheral blood serum 14 days after SNI intervention in each group. The ELISA result shows the expression level of TNF-α (G), IL-1β (H), and IL-6 (I) in the spinal cord 14 days after SNI intervention in each group; n = 5 rats in each group. Significance was assessed by one-way ANOVA followed by Tukey’s multiple comparisons test (A) and two-way repeated-measures ANOVA followed by Tukey’s multiple comparisons test (B,C). *p < 0.05, **p < 0.01, and ***p < 0.001. Data was presented as mean ± SEM.





Discussion

Central neuroinflammation has been recognized as a critical factor in the pathogenesis of neuropathic pain. The onset of central inflammation is often associated with the infiltration of peripheral immune cells and factors that compromise the integrity of the BSCB (Jin et al., 2021; Chen et al., 2018). However, the molecular mechanisms underlying BSCB dysfunction in neuropathic pain remain poorly understood. In this study, we observed a significant reduction in endoglin expression in the peripheral blood of patients with PHN, as well as in the peripheral blood and L4–L6 spinal cord of SNI rats. Intrathecal injection of recombinant endoglin protein effectively alleviated mechanical and thermal hyperalgesia in SNI rats, and significantly reversed SNI-induced microglial activation, inflammation, BSCB permeability impairment, and phosphorylation of NR2B at Tyr1472 in the spinal cord. Notably, we found that SNI led to a significant decrease in the expression of TGF-βRI and phosphorylation of Smad2 in the spinal cord, which was reversed by intrathecal administration of recombinant endoglin protein. Conversely, intrathecal injection of siRNA (Smad2) abolished these protective effects of recombinant endoglin protein. These findings suggest that reduction of endoglin expression disrupts the structural integrity and function of the BSCB through inhibition of the TGF-β/Smad2 signaling pathway in endothelial cells, thereby leading to microglial activation, inflammation, NR2B phosphorylation in spinal cord neurons, and mechanical and thermal hyperalgesia. Furthermore, intrathecal injection of recombinant endoglin protein effectively alleviated SNI-induced mechanical and thermal hyperalgesia. Our study elucidates a key mechanism underlying neuropathic pain pathogenesis and identifies endoglin as a potential therapeutic target for treating this condition.


Endoglin is involved in chronic neuropathic pain

Sequencing of peripheral blood from patients with postherpetic neuralgia (PHN) revealed a decreased level of endoglin. Endoglin is highly expressed on activated endothelial cells, and its loss in myeloid cells has been shown to trigger spontaneous inflammation (Meurer and Weiskirchen, 2020). Based on these findings, we hypothesized that endoglin may play a role in modulating inflammation and contribute to the development of chronic neuropathic pain. To test this hypothesis, we conducted animal-level studies and found that endoglin expression was significantly reduced in both the peripheral blood and L4–L6 spinal cord of rats with SNI. It is important to note that the SNI model is not a perfect surrogate for PHN. The current lack of effective animal models recapitulating PHN arises from the strict human tropism of Varicella-Zoster Virus (VZV) infection, which precludes the establishment of productive VZV replication in non-human models (van Oorschot et al., 2021). Consequently, commonly employed models attempting to simulate PHN involve either inoculation with VZV strains in primary human embryonic lung fibroblasts or HSV-1-induced pain models in animals. However, the pain phenotype in these models stems from acute VZV or HSV-1 infection, deviating significantly from the characteristic human PHN progression involving viral latency to reactivation. Furthermore, these models demand more stringent laboratory conditions and infrastructure (Sorel and Messaoudi, 2018; Ku et al., 2004; Maayan et al., 1998). Given these limitations, we selected the SNI model as a surrogate to investigate the underlying mechanisms of neuropathic pain. SNI represents a well-established and valuable tool for studying the mechanisms of neuropathic pain following peripheral nerve trauma. Although PHN and the SNI model exhibit etiological and pathophysiological differences, both conditions are fundamentally characterized as neuropathic pain induced by peripheral nerve injury. Nevertheless, it must be acknowledged that utilizing the SNI model to study PHN carries inherent limitations, and extrapolating findings directly to PHN represents a caveat. The primary shortcoming lies in the fundamental divergence in the etiopathogenesis between the model and the human disease.

Importantly, intrathecal injection of recombinant endoglin effectively alleviated mechanical pain and thermal hyperalgesia in SNI rats. Additionally, we observed a significant increase in the phosphorylation of NR2B at Tyr1472 in the L4–L6 spinal cord at 14 days after SNI. Previous studies have demonstrated that the development and maintenance of neuropathic pain following peripheral nerve injury critically depend on phosphorylation of Tyr1472-NR2B in spinal dorsal horn neurons (Katano et al., 2016). These results suggest that endoglin is involved in the development and maintenance of neuropathic pain following peripheral nerve injury.



Endoglin inhibits inflammation response in chronic neuropathic pain

Central neuroinflammation plays a crucial role in the development of neuropathic pain. Endoglin is widely involved in the regulation of inflammation in various immune diseases, including rheumatic diseases, hereditary hemorrhagic telangiectasia-1 (HHT-1), and preeclampsia (Venkatesha et al., 2006; Mangoni and Zinellu, 2024; Hawinkels et al., 2010; Rossi et al., 2016). Our findings indicate that endoglin can improve the inflammatory response associated with chronic neuropathic pain. Specifically, intrathecal administration of exogenous endoglin significantly inhibited the activation of microglia and the expression of inflammatory factors in the dorsal horn of the ipsilateral spinal cord induced by SNI, while also reducing peripheral nerve injury-induced hyperalgesia.



Endoglin relieves BSCB dysfunction following peripheral nerve injury

Peripheral nerve injury (PNI) can lead to structural disruption and increased permeability of the blood–spinal cord barrier (BSCB), facilitating the migration of immune cells from circulation into the spinal parenchyma and releasing inflammatory mediators (Chopra et al., 2022). This, in turn, activates glial cells, promoting neuroinflammation and central sensitization, which are critical for the onset and maintenance of neuropathic pain. Endothelial cells are essential components of the BSCB, and studies have shown that endoglin, as a major membrane-associated glycoprotein on endothelial cells, plays a vital role in regulating their physiological state. We found that the downregulation of endoglin expression peaked on the third day post-PNI, coinciding with the deterioration in BSCB structure and function. Notably, this time point is also associated with increased expression of inflammatory factors and microglial activation in the spinal cord. These results suggest that the reduced expression of endoglin may lead to the infiltration of peripheral immune-related cells and inflammatory mediators into the spinal cord. Furthermore, injection of recombinant endoglin inhibited the increased permeability of the BSCB induced by SNI, alleviating central nervous inflammation, mechanical pain, and thermal hyperalgesia in rats. This indicates that decreased expression of endoglin may compromise the normal barrier function of endothelial cells, facilitating the infiltration of peripheral inflammation-related substances into the spinal cord and triggering hyperalgesic responses. Additionally, the third day post-PNI may represent a key time point for endoglin’s involvement in the modulation of neuropathic pain.



Endoglin relieves BSCB dysfunction through TGF-β/Smad2 signaling pathway

The molecular and cellular mechanisms by which intrathecal injection of endoglin relieves BSCB dysfunction remain unclear. Regulation and redistribution of tight junction (TJ) proteins are considered to be key factors in peripheral nerve injury-induced increased permeability of BSCB (Reinhold and Rittner, 2017; Otani and Furuse, 2020; Ballabh et al., 2004; Ronaldson et al., 2009). Exogenous TGF-βI has been shown to rescue the loss of TJ proteins, thereby restoring the integrity of BSCB (Deng et al., 2024). Endoglin functions as an important membrane-associated protein in the TGF-βI signaling pathway, modulating endothelial cells’ responsiveness to TGF-β signals (Massagué and Sheppard, 2023; Echeverry et al., 2011). Smad proteins serve as critical downstream molecules in TGF-β signaling, relaying signals via TGF-β receptors I and II (TGF-βRI and TGF-βRII) (Xu et al., 2016; Xie et al., 2020). In this study, we found that SNI induced a reduction in the expression of p-Smad2 and TGF-βRI in the spinal cord. Notably, intrathecal administration of recombinant endoglin protein reversed SNI-induced BSCB dysfunction, but this protective effect of recombinant endoglin protein on BSCB was abolished by knockdown of Smad2. These results suggest that TGF-β/Smad2 may be a key signaling pathway for endoglin to regulate the structural integrity and function of the blood–spinal cord barrier, and that intrathecal injection of recombinant endoglin protein alleviates SNI-induced BSCB damage by activating the TGF-β/Smad2 signaling pathway.

Notably, the therapeutic effect observed in this study was evaluated exclusively in a single rat model of neuropathic pain and remains unvalidated in chronic pain models or other species. Furthermore, the analgesic efficacy of endoglin was assessed using only a single dose (2 μg/mL/day, 10 μL; equivalent to 20 g/day). While this dose significantly alleviated neuropathic pain behavior, a comprehensive dose–response relationship remains undefined. Future research should conduct systematic dose–response evaluations to establish the optimal therapeutic window, efficacy gradient, and potential toxicity threshold of endoglin. Although this limitation does not invalidate the conclusions regarding endoglin’s mechanism of action via the TGF-β/Smad pathway, it underscores the necessity for further pharmacological validation of its therapeutic potential. The 14-day treatment period in this study provided preliminary evidence supporting endoglin’s efficacy. Given that human PHN is a chronic condition persisting for months to years, future investigations should incorporate long-term endoglin administration (>28 days), neurotoxicity assessments (histological examination of spinal cord and dorsal root ganglia), and cross-species pharmacokinetic studies. Consequently, confirming endoglin’s clinical translation potential will require multidose gradient experiments, extended treatment durations (>14 days), and validation across multiple models.

In conclusion, our research suggests that the reduction of endoglin expression disrupts the structural integrity and function of the BSCB through inhibition of the TGF-β/Smad2 signaling pathway in endothelial cells, thereby leading to microglial activation, inflammation, NR2B phosphorylation in spinal cord neurons, and mechanical and thermal hyperalgesia. This study elucidates a key mechanism underlying the pathogenesis of neuropathic pain and identifies a potential therapeutic target for its treatment (Figure 10).

[image: Diagram showing the impact of spared nerve injury in a mouse, illustrating changes in the spinal cord blood-spinal cord barrier (BSCB). The top section shows a mouse with a spinal cord injury and highlights the activation of microglia and neurons by inflammatory factors like TNF-α, IL-6, and IL-1β. The bottom section depicts a damaged endothelial cell with disrupted BSCB, showing astrocytes, pericytes, and endothelial cells, with pathways involving TGF-β R1, Endoglin, and p-Smad2.]

FIGURE 10
 Endoglin regulates the function and structural integrity of BSCB through the TGF-β/Smad2 signaling pathway and is involved in neuropathic pain.
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