
R E S E A R C H Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Song et al. The Journal of Headache and Pain          (2026) 27:142 
https://doi.org/10.1186/s10194-026-02357-4

The Journal of Headache 
and Pain

†Gianluca Coppola and Barbara Cortese share last authorship.

*Correspondence:
Maomei Song
songmm1996@163.com
Gianluca Coppola
gianluca.coppola@uniroma1.it
Barbara Cortese
barbara.cortese@cnr.it

Full list of author information is available at the end of the article

Abstract
Background  Migraine is a complex neurovascular disorder driven by abnormal activation of the trigeminovascular 
system (TVS), neurogenic inflammation and excessive release of calcitonin gene-related peptide (CGRP). While 
CGRP-targeted therapies have demonstrated clinical efficacy, the upstream molecular mechanisms sustaining 
CGRP dysregulation remain incompletely understood. High-mobility group box 1 (HMGB1), a pro-inflammatory 
damage-associated molecule implicated in neuroinflammation, has emerged as a potential contributor to migraine 
pathophysiology. However, its role in neuron-endothelial interactions within the TVS under migraine -relevant 
conditions remains unclear.

Methods  To model inflammatory and hypoxic stress associated with migraine, SH-SY5Y neuron-like cells were 
stimulated with lipopolysaccharide (LPS) and cobalt chloride (CoCl₂). HMGB1 expression was silenced using siRNA 
to evaluate its role in regulating CGRP and NF-κB signaling. Conditioned medium from stimulated neuronal cells 
was applied to human umbilical vein endothelial cells (HUVECs) to investigate neuron–endothelial interactions, and 
CGRP signaling was inhibited using a receptor antagonist. Protein expression of HMGB1, CGRP, and NF-κB pathway 
components was assessed by Western Blot. In addition, neuronal migration and intracellular reactive oxygen species 
(ROS) were assessed to evaluate cellular activation under inflammatory stress conditions.

Results  Inflammatory and hypoxic stimulation increased HMGB1 expression and activated NF-κB signaling in 
SH-SY5Y cells, accompanied by elevated CGRP production. HMGB1 knockdown reduced NF-κB activation and 
attenuated CGRP upregulation, suggesting that HMGB1 contributes to CGRP regulation under these conditions. 
Conditioned medium enriched in CGRP promoted NF-κB activation and HMGB1 expression in endothelial cells, effects 
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Background
Migraine is a multifactorial neurovascular disorder 
characterized by recurrent attacks of disabling head-
ache accompanied by sensory, autonomic, and cognitive 
symptoms [1, 2]. Its pathophysiology involves altered 
sensory processing, trigeminovascular system (TVS) 
activation, neurogenic inflammation, metabolic stress, 
and dysregulated neurovascular coupling [3, 4]. The TVS 
comprises sensory neurons originating from the trigemi-
nal ganglion and the upper cervical dorsal root ganglia 
that innervate the dura mater, pia mater vessels, and 
cerebral blood vessels, thereby contributing to the trans-
mission of cranial pain and the regulation of cerebral 
blood flow [5, 6]. Upon activation by mechanical, chemi-
cal, or inflammatory stimuli, trigeminal nerve terminals 
are activated and release various neuropeptides. Among 
these mechanisms, excessive release of calcitonin gene-
related peptide (CGRP) from trigeminal sensory neurons 
represents a central event in migraine pathogenesis and 
a validated therapeutic target [7, 8]. CGRP is synthe-
sized by sensory neurons in the trigeminal ganglion and 
is predominantly released from their peripheral termi-
nals during migraine attacks. This release induces men-
ingeal vasodilation, increases vascular permeability, and 

promotes immune cell recruitment, thereby triggering 
neurogenic inflammation and enhancing nociceptive sig-
nal transmission [9, 10]. Clinical studies have shown that 
patients with migraine exhibit elevated levels of CGRP in 
serum, cerebrospinal fluid, and saliva during attacks [11–
13]. Moreover, targeted therapies against CGRP or its 
receptor have demonstrated significant clinical efficacy, 
further supporting the critical role of peripheral mecha-
nisms in migraine pathophysiology [14, 15]. However, 
despite the clinical success of CGRP-targeted therapies, 
the upstream molecular signals sustaining CGRP dysreg-
ulation remain incompletely understood.

In recent years, inflammation-related molecules have 
emerged as important contributors to TVS activation 
[16, 17]. High mobility group box 1 (HMGB1) is a ubiqui-
tously expressed nuclear protein that can be released into 
the extracellular space as a damage-associated molecu-
lar pattern (DAMP), where it exerts pro-inflammatory 
effects in response to cellular injury or inflammatory 
stimulation [18, 19]. HMGB1 has been reported to con-
tribute to neurogenic inflammation by activating Toll-like 
receptors (TLRs) and the receptor for advanced glycation 
end products (RAGE), thereby facilitating interactions 
among neurons, glial cells, and immune cells [20–22]. 

that were attenuated by CGRP receptor blockade. In addition, HMGB1 enhanced neuronal migration and oxidative 
stress responses in stimulated SH-SY5Y cells.

Conclusion  These findings support a model in which HMGB1 and CGRP participate in a positive neuron–endothelial 
feedback loop under inflammatory and hypoxic stress, potentially amplifying neurovascular signaling relevant to 
migraine. Although derived from an in vitro system, this study identifies HMGB1 as a potential upstream modulator 
of CGRP-associated pathways and highlights its possible contribution to peripheral mechanisms involved in 
trigeminovascular activation.

Keywords  Migraine, Trigeminovascular system, Inflammatory, Hypoxia, HMGB1, CGRP, NF-κB, Migration, Oxidative 
stress
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Notably, Karatas et al. demonstrated that neuron-derived 
HMGB1 triggers TVS activation and initiates a glia-
mediated inflammatory cascade during migraine-asso-
ciated cortical spreading depression (CSD) [23]. Studies 
in familial hemiplegic migraine type 1 (FHM1) animal 
models have also revealed that CSD induces sustained 
HMGB1 release [24]. Additionally, recent evidence sug-
gests that HMGB1 plays an important role in both animal 
models and patients with medication-overuse headache 
(MOH) [25–27]. However, whether HMGB1 promotes 
CGRP production within the TVS and contributes to 
the peripheral mechanisms of migraine remains to be 
elucidated.

Moreover, migraine is not only a neurovascular dis-
order but is also associated with enhanced inflam-
matory responses and metabolic stress. Clinical and 
experimental studies indicate that migraine attacks are 
characterized by elevated levels of pro-inflammatory 
mediators, increased oxidative stress, and mitochondrial 
dysfunction [28–31]. Inflammatory mediators and rela-
tive hypoxia have been implicated in migraine pathophys-
iology, particularly during cortical spreading depression 
and chronic migraine states [32, 33]. Lipopolysaccharide 
(LPS) and cobalt chloride (CoCl₂) were therefore used to 
reproduce a controlled inflammatory-hypoxic microenvi-
ronment known to activate NF-κB signaling and stabilize 
HIF-1α, molecular features that have been reported in 
migraine-related studies. Although these stimuli are not 
migraine-specific triggers, they reproduce key molecular 
features associated with migraine-related neuroinflam-
matory and metabolic stress responses.

Accordingly, the present study employed neuron-like 
cells and vascular endothelial cells as in vitro models 
to investigate HMGB1-mediated neuron-endothelial 
interactions under inflammatory and hypoxic condi-
tions. Although these cell lines do not fully reproduce 
the anatomical scenario and the functional complexity 
of the TVS in vivo, they provide a controlled platform 
to explore molecular mechanisms linking inflamma-
tion, hypoxia, and neuropeptide signaling relevant to 
migraine. We focused on analyzing the reciprocal regu-
lation between HMGB1 and CGRP within the TVS and 
further evaluated the effects of HMGB1 on neuronal 
migration and oxidative stress, with the aim of providing 
novel molecular insights into the peripheral mechanisms 
of migraine.

Methods
Cell culture
SH-SY5Y cells and HUVECs were purchased from 
ATCC. SH-SY5Y cells are a human neuroblastoma-
derived neuronal cell line widely used to investigate 
neuroinflammatory signaling, neuropeptide regulation, 
and NF-κB–dependent mechanisms. Although they do 

not fully replicate primary trigeminal ganglion neurons, 
they provide a reproducible human neuronal model suit-
able for dissecting intracellular signaling pathways rel-
evant to trigeminal sensory activation. SH-SY5Y cells 
were cultured in Dulbecco’s modified Eagle’s Medium 
(DMEM, Gibco, Thermo Fisher Scientific, #31966021, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Gibco, Thermo Fisher Scientific, #A5256701), 1% peni-
cillin/streptomycin (Gibco, Thermo Fisher Scientific, 
#15140122) and 1% amphotericin B (Sigma-Aldrich, 
#A2942, USA). HUVECs were used as a representative 
human endothelial model to explore neurovascular sig-
naling mechanisms. While they do not reproduce the 
specialized phenotype of cerebral microvascular endo-
thelial cells, they are widely employed to investigate 
endothelial inflammatory responses and neuropeptide-
mediated signaling in vitro. HUVECs were cultured in 
endothelial cell growth medium (Cell Applications, Inc., 
#211500, USA) supplemented with 1% penicillin/strepto-
mycin. Both cells were incubated at 5% CO₂ and 37 ℃.

SH-SY5Y cells treatment and conditioned medium (CM) 
preparation
SH-SY5Y cells were seeded in 6-well plates at a density of 
2 × 105 cells per well and incubated overnight until they 
reached 60–80% confluence. According to previous stud-
ies [34, 35], cells were treated with 1 µg/mL LPS (Sigma-
Aldrich, #L3012) and 300 µM CoCl₂ (Sigma-Aldrich, 
#C8661) for 48 h. Control cells were cultured in complete 
medium without LPS or CoCl₂. After 48 h of treatment, 
the culture medium was removed and replaced with fresh 
complete DMEM containing 300 µM CoCl₂. For the con-
trol group, cells were incubated with fresh DMEM only. 
After an additional 24 h, the CM was collected and cen-
trifuged at 1200 g for 5 min and stored at -80 ℃ until fur-
ther use.

Human umbilical vein endothelial cells (HUVECs) 
treatment
HUVECs were seeded in 6-well plates at a density of 
2 × 105 cells per well and incubated overnight until the 
cells were 60–80% confluent. Then the cells were treated 
with CM derived from SH-SY5Y cells for a further 
24  h. For the control group, HUVECs were incubated 
with CM from the control group of SH-SY5Y. For the 
LPS+CoCl₂-CM group, HUVECs were treated with CM 
from SH-SY5Y exposed to LPS+CoCl₂. For the antago-
nist group, HUVECs were treated with CM from the 
LPS+CoCl₂-treated SH-SY5Y cells in the presence of 100 
nM Olcegepant (BIBN4096, MedChemExpress, #HY-
10095, USA). After 24  h of incubation, cells were col-
lected for subsequent experiments.
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Cell transfection
To inhibit HMGB1 expression in SH-SY5Y cells, small 
interfering RNA (siRNA) was used for gene silencing. 
HMGB1-targeting siRNA (siHMGB1) was purchased 
from Santa Cruz (sc-37982). SH-SY5Y cells were seeded 
in 6-well plates at a density of 2 × 105 cells per well and 
incubated overnight until the cells were 60–80% conflu-
ent. Cells were transfected with 200 nM siHMGB1 using 
Lipofectamine® 2000 (Invitrogen, Thermo Fisher Scien-
tific, #11668019, USA) in Opti-MEM (Gibco, Thermo 
Fisher Scientific). After 6 h of transfection, the medium 
was replaced with complete DMEM. To assess the trans-
fection efficiency, cells were harvested at 24  h for real-
time quantitative polymerase chain reaction (RT-qPCR) 
and at 48 h for Western Blot analysis.

Western blot
After treatment, cells were collected and lysed with 
RIPA buffer containing 1% protease and 1% phospha-
tase inhibitor. Protein concentrations were quantified 
using a RC DC™ Protein Assay Kit (Bio-Rad, #5000121, 
USA). Equal amounts of protein from each sample were 
separated by 8–12% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred onto poly-
vinylidene fluoride membranes. The membranes were 
blocked with 5% Bovine Serum Albumin (BSA, Sigma-
Aldrich, #A3059) for 1 h at room temperature and then 
incubated with primary antibodies overnight at 4 ℃. 
The primary antibodies were as follows: anti-HMGB1 
antibody (1:5000, Abcam, #ab79823, UK), anti-CGRP 
antibody (1:1000, Abcam, #ab189786), anti-HIF-1α 
antibody (1:1000, Abcam, #ab1), anti-NF-κB antibody 
(1:1000, Abcam, #ab16502), anti-p-NF-κB antibody 
(1:1000, Abcam, #ab86299), anti-α-Tubulin antibody 
(1:1000, Sigma-Aldrich, #T6074), anti-β-actin antibody 
(1:1000, Sigma-Aldrich, #A1978). After washing, mem-
branes were incubated with goat anti-rabbit and goat 
anti-mouse IgG (H + L)-HRP conjugate secondary anti-
bodies (1:5000, Bio-Rad, #1721019, 1706516) for 1  h at 
room temperature. The protein bands were detected 
using Clarity MaxTM Western ECL Substrate (Bio-Rad, 
#1705062) and imaged with the ChemiDoc imaging sys-
tem (Bio-Rad).

RT-qPCR
After 24 h of transfection, total RNA was extracted from 
SH-SY5Y cells using TRIzol Reagent (Sigma-Aldrich, 
#T9424). RNA concentration and purity were assessed 
using a NanoDrop spectrophotometer. Total RNA was 
reverse-transcribed into cDNA using the iScript cDNA 
Synthesis Kit (Bio-Rad, #1708891). RT-qPCR was per-
formed with SYBR Green Supermix (Bio-Rad, #1725274) 
on a ViiATM7 system (Applied Biosystems). Relative 

mRNA expression levels were calculated by the 2−ΔΔCt 
method with GAPDH as the reference gene.

The forward (F) and reverse (R) primers used for the 
indicated genes are as follows: human HMGB1 F: 5′-TTT 
GGG CGA TAC TCA GAG CA-3′, R: 5′-TAT CGC AAA 
AGC GGA CAA GG-3′; GAPDH F: 5′-CAT CAT CTC 
TGC CCC CTC T-3′, R: 5′-CAA AGT TGT CAT GGA 
TGA CCT-3′).

Enzyme-linked immunosorbent assay (ELISA)
Cell culture supernatants were collected and centrifuged 
at 1500  g for 5  min. CGRP levels were measured using 
a Human CGRP1 ELISA Kit (Elabscience, #E-EL-H0619, 
China) according to the manufacturer’s instructions. 
Optical density was measured at 450 nm using a GloMax 
Discover microplate reader.

Immunofluorescence
After treatment, cells were fixed for 1  h at room tem-
perature and washed with PBS. Cells were permeabilized 
with 0.1% Triton X-100 and blocked with BSA at room 
temperature. Cells were then incubated with primary 
antibody (CXCR4, 1:200, Invitrogen, #35-8800) over-
night at 4 ℃. After washing, cells were incubated with 
the corresponding Alexa Fluor 594-conjugated second-
ary antibody at room temperature. Nuclei were stained 
with DAPI and images were acquired using a Zeiss LSM 
980 laser scanning confocal microscope equipped with a 
Plan-Apo 40× oil immersion objective (NA = 1.40).

Cell migration
SH-SY5Y cells were seeded in 35 mm culture dishes at 
a density of 2 × 105 cells per dish. After 48 h of treat-
ment, cell migration was assessed according to previously 
reported method [36, 37]. Briefly, cell migration was 
observed using an Olympus IX73 inverted microscope 
equipped with a QImaging OptiMOS sCMOS camera 
(Crisel, QImaging, Surrey, BC, Canada) and MetaVue 
software (Molecular Devices, Sunnyvale, CA, USA), 
together with a stage-mounted incubation system pro-
viding CO₂ and temperature control (H201; Okolab, Poz-
zuoli, Italy). Individual cell trajectories were continuously 
recorded at defined time intervals for at least 3 h using 
a 20× objective (LUCPlan FLN, NA = 0.45, Ph2). Trajec-
tories were aligned to a common origin for spatial com-
parison. Cell migration was analyzed using the MTrackJ 
plugin of ImageJ (NIH, Bethesda, MA, USA) to deter-
mine cell displacement and migration velocity.

Reactive oxygen species (ROS) measurement
2’,7’-Dichlorodihydrofluorescein diacetate (H2DCFDA) 
was used to detect the intracellular oxidative stress level 
in SH-SY5Y cells. Briefly, after 48 h of treatment, cells 
were incubated with 10 µM H2DCFDA in PBS at 37 ℃ 
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and 5% CO2 for 30 min. Cells were then visualized using 
a Zeiss LSM 980 laser scanning confocal microscope 
equipped with a Plan-Apo 40× oil objective (NA = 1.40) 
with an excitation wavelength of 488 nm. Quantification 
of fluorescence was detected using a microplate reader 
(GloMax Discover, Promega) with 485 nm excitation 
and 538 nm emission filters and values were subtracted 
of blank (cells with medium only) and normalised by 
protein content (SRB assay) for each well as previously 
reported [38]. Each experiment was performed in tripli-
cate and at least three biological replicates were carried 
out.

Statistical analysis
All experiments were performed with at least three inde-
pendent biological replicates. In this study, n represents 
independent experiments performed on separate cell 
cultures, rather than individual cells. For assays involving 
population-level measurements (Western blot, ELISA, 
RT-qPCR), quantitative values were obtained from each 
independent experiment and used for statistical analy-
sis. For assays based on single-cell measurements (cell 
migration and fluorescence-based ROS analysis), mul-
tiple individual cells were analyzed within each biological 
replicate (typically ~ 30–40 cells per condition). Cell-level 
measurements were first quantified individually and sub-
sequently averaged to obtain a single representative value 
for each biological replicate. Statistical analyses were then 
performed using these biological replicate means to avoid 
pseudoreplication. Cell-to-cell variability was observed 
within each replicate and is reflected in the distribution 
of individual data points shown in the figures. For migra-
tion analyses, measurements were derived from individ-
ual cell trajectories and summarized for each condition 
within each experimental day. Each experimental day was 
considered an independent biological replicate. Because 
experiments were performed across multiple days with 
an unbalanced distribution of conditions, statistical anal-
ysis was conducted using a linear mixed-effects model 
with condition as a fixed effect and experimental day as 
a random effect. Multiple comparisons were performed 
using the Holm–Šídák method.

For comparisons between two groups, statistical sig-
nificance was evaluated using the unpaired two-tailed 
Student’s t-test (parametric) or the Mann–Whitney U 
test (non-parametric). For comparisons among mul-
tiple groups, one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test (parametric) or the 
Kruskal–Wallis test followed by Dunn’s post hoc test 
(non-parametric) was applied. For tracked cells, each 
point represents one independent acquisition. Data 
were analyzed using a mixed-effects model. All statisti-
cal analyses were performed using GraphPad Prism 9. A 
p-value < 0.05 was statistically significant.

Results
LPS and CoCl₂ induce inflammation and hypoxia in 
SH-SY5Y cells
LPS is commonly used to induce inflammatory responses, 
whereas CoCl₂ serves as a chemical hypoxia mimetic 
[39, 40]. In this study, SH-SY5Y cells were treated with a 
combination of LPS and CoCl₂ to simultaneously induce 
inflammation and hypoxic conditions, thereby mimicking 
the pathophysiological microenvironment of migraine.

Concentrations and exposure times of LPS and CoCl₂ 
were selected based on preliminary experiments evalu-
ating cytotoxic and hypoxia induction in SH-SY5Y cells 
assessed by Western blot analysis of the hypoxia marker 
HIF-1α (data not shown), consistent with previous lit-
erature reporting minimal cytotoxicity in SH-SY5Y cells 
under similar experimental conditions [34, 41–43]. In 
addition, no evident morphological alterations were 
observed during the experiments. To validate the suc-
cessful establishment of this in vitro model, the expres-
sion levels of HMGB1, CGRP, HIF-1α, NF-κB and 
phosphorylated NF-κB (p-NF-κB) were examined.

As shown in Fig.  1A, LPS stimulation increased the 
expression of HMGB1 and CGRP as well as the p-NF-κB/
NF-κB ratio in SH-SY5Y cells, indicating activation 
of inflammatory signaling pathways. The induction of 
HIF-1α following CoCl₂ treatment, shown in Fig. 1B, con-
firms the establishment of a hypoxic-like cellular environ-
ment. Quantitative analyses of p-NF-κB/NF-κB, HMGB1, 
and CGRP expression (Fig. 1C–E) further demonstrated 
a significant upregulation of these inflammatory and 
neuropeptide markers following stimulation. Figure  1F 
presents the quantitative analysis of HIF-1α expression, 
supporting the effectiveness of CoCl₂ treatment in induc-
ing hypoxia-related signaling in SH-SY5Y cells. These 
results indicate that the inflammatory-hypoxic model 
was successfully established and the NF-κB signaling 
pathway was activated under these conditions.

HMGB1 promotes CGRP production through the NF-κB 
signaling pathway in SH-SY5Y cells under inflammatory 
and hypoxic conditions
As in the inflammatory-hypoxic model established by 
LPS and CoCl₂ stimulation, HMGB1 expression was 
significantly increased in SH-SY5Y cells, to determine 
whether HMGB1 contributed to the regulation of CGRP 
under these conditions, siRNA-mediated knockdown of 
HMGB1 was performed prior to evaluating downstream 
signaling changes. Efficient suppression of HMGB1 
expression was confirmed at both the mRNA and protein 
levels (Fig. 2). This approach allowed us to assess whether 
HMGB1 upregulation induced by inflammatory-hypoxic 
stimulation was functionally involved in CGRP regu-
lation. Representative Western blot results are shown 
in Fig.  2A, demonstrating reduced HMGB1 protein 
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expression following siHMGB1 transfection. Quantita-
tive analysis of HMGB1 protein levels (Fig. 2B) confirmed 
a significant reduction compared with control cells. Con-
sistently, RT-qPCR analysis (Fig.  2C) showed a marked 
decrease by approximately 77%, in HMGB1 mRNA 
expression following siHMGB1 transfection.

To further determine whether HMGB1 contributes 
to CGRP production under inflammatory and hypoxic 

conditions, SH-SY5Y cells were treated with LPS + CoCl₂ 
in the presence or absence of HMGB1 knockdown. Rep-
resentative Western blot images, shown in Fig. 3A, illus-
trate changes in NF-κB, p-NF-κB, HMGB1, and CGRP 
expression across experimental conditions. Compared 
with the LPS + CoCl₂ group, HMGB1 knockdown sig-
nificantly reduced CGRP expression and decreased 
the p-NF-κB/NF-κB ratio (Fig.  3B). Similarly, HMGB1 

Fig. 2  HMGB1 expression is markedly reduced following siHMGB1 transfection. (A) Representative Western Blot band of HMGB1 in SH-SY5Y cells trans-
fected with 200 nM siHMGB1 using Lipofectamine® 2000 for 48 h compared with untreated control cells. (B) Quantitative analysis of HMGB1 knockdown 
efficiency at the protein level. Data were normalized to α-tubulin expression and are presented as mean (95% CI) from three independent biological rep-
licates (n = 3). Each biological replicate represents an independent experiment performed on separate cell cultures. Individual data points represent bio-
logical replicates. Statistical analysis was performed on biological replicates using the unpaired two-tailed Student’s t-test. (C) RT-qPCR quantification of 
HMGB1 mRNA expression in SH-SY5Y cells with and without transfection for 24 h. Gene expression level was normalized to GAPDH. Data were presented 
as mean (95% CI) from three independent biological replicates (n = 3). Each biological replicate represents an independent experiment performed on 
separate cell cultures. Individual data points represent biological replicates. Statistical analysis was performed on biological replicates. *p < 0.05; **p < 0.01

 

Fig. 1  LPS and CoCl₂ induce inflammation and hypoxia in SH-SY5Y cells with the activation of NF-κB pathway. (A) Representative Western Blot bands of 
NF-κB, p-NF-κB, HMGB1 and CGRP in SH-SY5Y cells treated with LPS (1 µg/mL) for 48 h compared with untreated control cells. (B) Representative Western 
Blot bands of HIF-1α in SH-SY5Y cells treated with CoCl₂ (300 µM) for 48 h compared with untreated control cells. (C-E) Quantitative analysis of p-NF-κB/
NF-κB (C), HMGB1 (D) and CGRP (E) protein expression in SH-SY5Y cells with and without LPS stimulation. (F) Quantitative analysis of HIF-1α protein 
expression in SH-SY5Y cells with and without CoCl₂ stimulation. Data, normalized to α-tubulin expression, were presented as mean values and error bars 
indicate 95% confidence intervals (CI) from three independent biological replicates (n = 3). Each biological replicate represents an independent experi-
ment performed on separate cell cultures. Individual data points represent biological replicates. Statistical analysis was performed on biological replicates 
using the unpaired two-tailed Student’s t-test. *p < 0.05; **p < 0.01
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protein levels (Fig.  3C) and CGRP expression (Fig.  3D) 
were markedly decreased in the LPS + CoCl₂ + siHMGB1 
group. These findings suggest that HMGB1 contributes 
to CGRP upregulation under inflammatory-hypoxic con-
ditions, likely through NF-κB–related signaling.

These findings confirm that inflammatory-hypoxic 
stimulation induces HMGB1 expression, providing the 
basis for subsequent experiments investigating the role of 
HMGB1 in CGRP regulation.

Given that SH-SY5Y cells are widely used as a neuro-
nal model to study trigeminal-related neuroinflammation 
[44], these results further suggest that HMGB1-NF-κB-
CGRP signaling may reflect mechanisms contributing to 
TVS activation in migraine.

CGRP secreted by SH-SY5Y cells promotes HMGB1 
production through the NF-κB signaling pathway in 
HUVECs
HUVECs have been widely used to establish an in vitro 
model of vascular endothelial cells relevant to migraine 
research [45]. Accordingly, HUVECs were used in this 
study to model migraine-related vascular endothelial 
components of the TVS. To investigate whether neu-
ron-derived signals influence endothelial inflamma-
tory responses, HUVECs were treated with conditioned 
medium derived from SH-SY5Y cells exposed to LPS + 
CoCl₂ stimulation. To assess the role of CGRP in regulat-
ing HMGB1 production, the CGRP receptor antagonist 
olcegepant (BIBN4096) was used to block CGRP signal-
ing in HUVECs. Representative Western blot images are 

shown in Fig. 4A, illustrating the expression of NF-κB 
pathway components, HMGB1, and CGRP in HUVECs 
under different treatment conditions.

Quantification of CGRP levels in conditioned medium 
(Fig.  4B) confirmed increased CGRP release from stim-
ulated SH-SY5Y cells. The absolute CGRP concentra-
tion increased from approximately 30.96 pg/mL in 
control samples to 102.10 pg/mL in the LPS + CoCl₂ 
group. Quantitative analyses of p-NF-κB/NF-κB, 
HMGB1, and CGRP expression in HUVECs are pre-
sented in Fig. 4C–E. These results show that conditioned 
medium derived from stimulated neuronal cells acti-
vates NF-κB signaling and increases HMGB1 expression 
in endothelial cells, effects that are attenuated by CGRP 
receptor blockade.Taken together with the findings from 
SH-SY5Y cells, these data suggest the existence of a posi-
tive feedback loop in which neuronal HMGB1 enhances 
CGRP production, and CGRP in turn stimulates HMGB1 
expression in endothelial cells. This reciprocal interaction 
may amplify neurovascular inflammation within the TVS 
and potentially contribute to migraine pathophysiology.

HMGB1 promotes SH-SY5Y cell migration under 
inflammatory and hypoxic conditions
To evaluate whether HMGB1 influences cellular activa-
tion dynamics under inflammatory-hypoxic conditions, 
migration behavior of SH-SY5Y cells by tracking individ-
ual cell trajectories. Representative migration trajectories 
are shown in Fig. 5A–C, corresponding to control cells, 
LPS + CoCl₂–treated cells, and LPS + CoCl₂ + siHMGB1 

Fig. 3  HMGB1 promotes CGRP production through the NF-κB signaling pathway in SH-SY5Y cells. (A) Representative Western Blot bands of NF-κB, 
p-NF-κB, HMGB1 and CGRP in SH-SY5Y cells treated with LPS+CoCl₂ or LPS+CoCl₂+siHMGB1 for 48 h compared with untreated control cells. (B-D) Quan-
titative analysis of p-NF-κB/NF-κB (B), HMGB1 (C) and CGRP (D) protein expression in SH-SY5Y cells. Data normalized to α-tubulin or β-actin expression 
were presented as mean (95% CI) from three independent biological replicates (n = 3). Each biological replicate represents an independent experiment 
performed on separate cell cultures. Individual data points represent biological replicates. Statistical analysis was performed on biological replicates. 
**p < 0.01, ***p < 0.001
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cells, respectively. Quantitative analyses of migra-
tion velocity and displacement presented in Fig.  5D–E, 
showed a significant increase in, both migration velocity 
and displacement of SH-SY5Y cells following inflamma-
tory-hypoxic stimulation. In contrast, HMGB1 knock-
down markedly attenuated the promigratory effects 
induced by inflammatory and hypoxic stimuli.

To further elucidate the potential mechanisms under-
lying HMGB1-mediated regulation of cell migration, 
C-X-C motif chemokine receptor 4 (CXCR4) expression 
in SH-SY5Y cells was assessed using immunofluores-
cence staining (Fig. 5F). The results showed that CXCR4 
expression was markedly upregulated under inflam-
matory and hypoxic conditions. Conversely, CXCR4 
expression was significantly reduced following HMGB1 
downregulation (Fig.  5G). These findings suggest that 
HMGB1 enhances the migratory capacity of SH-SY5Y 
cells under inflammatory and hypoxic conditions through 
the regulation of CXCR4 expression.

HMGB1 contributes to oxidative stress in SH-SY5Y cells 
under inflammatory and hypoxic conditions
To investigate whether HMGB1 contributes to oxidative 
stress responses under inflammatory and hypoxic condi-
tions, intracellular ROS levels were assessed in SH-SY5Y 
cells. Representative confocal images of ROS fluorescence 
shown in Fig. 6A, demonstrated an increased intracellu-
lar ROS accumulation following combined inflammatory 
and hypoxic stimulation. Quantitative analysis of ROS 

fluorescence intensity (Fig.  6B) confirmed a significant 
elevation in intracellular ROS levels in stimulated cells 
compared with controls. In contrast, HMGB1 knock-
down significantly attenuated ROS accumulation. These 
results indicate that HMGB1 contributes to oxidative 
stress response in SH-SY5Y cells under inflammatory and 
hypoxic conditions.

Discussion
This study investigated the role of HMGB1 within the 
TVS under migraine-like conditions, with a particular 
focus on neuron-vascular endothelial interactions under 
inflammatory and hypoxic conditions. Our primary find-
ings indicate that HMGB1 promotes CGRP expression in 
neuron-like cells; while CGRP, in turn, induces HMGB1 
expression in vascular endothelial cells, forming a posi-
tive feedback amplification loop within the TVS. Further-
more, HMGB1 enhanced the migration of neuron-like 
cells and induced oxidative stress responses (Fig.  7). 
Together, these findings suggest that HMGB1 may play 
an important role in the activation and maintenance of 
peripheral TVS in migraine.

In recent years, the role of inflammation and hypoxia 
in migraine pathophysiology has attracted increasing 
attention. Both MOH animal models and clinical patients 
exhibit elevated levels of pro-inflammatory mediators 
including HMGB1, CGRP, IL-6, LPS, and LPS-bind-
ing protein, as well as increased expression of HIF-1α 
[26, 27, 46–48]. Animal studies have shown that during 

Fig. 4  CGRP secreted by SH-SY5Y cells promotes HMGB1 production through the NF-κB signaling pathway in HUVECs. (A) Representative Western Blot 
bands of NF-κB, p-NF-κB, HMGB1 and CGRP in HUVECs treated with CM collected from SH-SY5Y cells for 24 h. The CTR-CM group received CM from 
untreated SH-SY5Y cells, the LPS+CoCl₂-CM group received CM from SH-SY5Y cells stimulated with LPS+CoCl₂, and the antagonist group received CM 
from LPS+CoCl₂-treated SH-SY5Y cells together with 100 nM BIBN4096. (B) Quantitative analysis of CGRP in CM collected from SH-SY5Y cells. Data were 
presented as mean (95% CI) from three independent biological replicates (n = 3). Statistical significance was analyzed using the unpaired two-tailed 
Student’s t-test. (C-E) Quantitative analysis of p-NF-κB/NF-κB (C), HMGB1 (D) and CGRP (E) protein expression in HUVECs treated with CM collected from 
SH-SY5Y cells. Data, normalized to α-tubulin expression, were presented as mean (95% CI) from three independent biological replicates (n = 3). Individual 
data points represent biological replicates. Statistical analysis was performed on biological replicates using Student’s t-test or one-way ANOVA followed 
by Tukey’s post hoc test, as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001
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migraine aura-related CSD, cerebral blood flow and tis-
sue oxygen tension are reduced while the cerebral meta-
bolic rate of oxygen remains elevated, resulting in a state 
of relative cerebral hypoxia [49, 50]. These observations 
indicate that hypoxia may be involved in the pathophysi-
ology of migraine. LPS is commonly used to establish in 
vitro inflammatory models by activating the NF-κB sig-
naling pathway and inducing the release of inflamma-
tory mediators such as HMGB1 [51]. CoCl₂ is a classical 
chemical hypoxia mimetic that stabilizes HIF-1α, thereby 
activating the NF-κB signaling pathway and promot-
ing HMGB1 expression [52, 53]. Based on these mecha-
nisms, the present study employed combined LPS and 

CoCl₂ stimulation of SH-SY5Y cells to mimic the inflam-
matory and hypoxic microenvironment associated with 
migraine. In this model, the expression levels of CGRP, 
HMGB1, HIF-1α, and the p-NF-κB/NF-κB ratio were 
significantly increased. These results are consistent with 
previous migraine-related studies [46, 54–56], suggesting 
that the model successfully mimics the molecular char-
acteristics associated with migraine attack. Although 
viability assays were not reported in this study, no overt 
morphological signs of cell damage were observed with 
the selected concentrations and exposure times of LPS 
and CoCl₂, and normalization of protein expression 
to housekeeping controls remained consistent across 

Fig. 5  HMGB1 promotes SH-SY5Y cell migration under inflammatory and hypoxic conditions. (A-C) Representative migration trajectories of SH-SY5Y 
cells tracked over 3 h are shown. Each line represents the trajectory of a single cell with all trajectories originating from a common starting point. Ap-
proximately 30–40 cells per condition were analyzed within each independent experiment. The migration trajectories of untreated control SH-SY5Y 
cells (A) are compared with cells treated with LPS+CoCl₂ (B) or LPS+CoCl₂+siHMGB1 (C) for 48 h compared with. Colors indicate different cells. (D) and 
(E) Quantitative analysis of migration velocity (D) and displacement (E) of SH-SY5Y cells. Experiments were repeated on separate, independently pre-
pared cell cultures (n = 3 biological replicates). Data were presented as mean (95% CI). Statistical analysis was performed using a linear mixed-effects 
model, followed by Holm–Šídák multiple-comparisons testing. (F) Representative confocal images of CXCR4 in SH-SY5Y cells treated with LPS+CoCl₂ 
or LPS+CoCl₂+siHMGB1 for 48 h compared with untreated control cells. (G) Quantitative analysis of CXCR4 fluorescence intensity in SH-SY5Y cells. Data 
were presented as mean ± S.E.M. from three independent biological replicates (n = 3). Statistical analysis was performed on biological replicates using the 
Kruskal–Wallis test followed by Dunn’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 7  Proposed role of HMGB1 in the TVS under inflammatory and hypoxic migraine-like conditions. HMGB1 promotes CGRP production through activa-
tion of the NF-κB signaling pathway in SH-SY5Y cells exposed to inflammatory and hypoxic stimuli. CGRP released from SH-SY5Y cells can act on endothe-
lial cells through CGRP-responsive receptor complexes, including the canonical CGRP receptor (CLR/RAMP1) and the AMY1 receptor, thereby activating 
NF-κB signaling and promoting HMGB1 expression in HUVECs. This interaction forms a positive neuron–endothelial feedback loop within the trigemino-
vascular system. In addition, HMGB1 enhances neuronal migration and promotes oxidative stress responses under inflammatory and hypoxic conditions

 

Fig. 6  HMGB1 contributes to oxidative stress in SH-SY5Y cells under inflammatory and hypoxic conditions. (A) Representative confocal images of intra-
cellular ROS in SH-SY5Y cells treated with LPS+CoCl₂ or LPS+CoCl₂+siHMGB1 for 48 h compared with untreated control cells. (B) Quantitative analysis of 
intracellular ROS fluorescence intensity in SH-SY5Y cells. For fluorescence quantification, multiple cells (~ 30 per condition) were analyzed per replicate 
and averaged to obtain one value per biological replicate. Data were presented as mean (95% CI) from three independent biological replicates (n = 3). 
Statistical significance was analyzed using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. ns = not significant, *p < 0.05, 
**p < 0.01, ***p < 0.001
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groups. Nevertheless, future studies incorporating dedi-
cated viability assays (e.g., MTT or LDH release) would 
further strengthen the interpretation that observed 
CGRP modulation is pathway-specific rather than sec-
ondary to cellular stress.

Peripheral mechanisms of migraine indicate that CGRP 
release is a key trigger for initiating and sustaining TVS 
activation [57]. However, the upstream molecular mech-
anisms responsible for abnormal CGRP release remain 
poorly understood. HMGB1 is regarded as a prototypi-
cal DAMP that translocates from the nucleus to the cyto-
plasm and is subsequently released into the extracellular 
space via vesicular pathways upon neuronal stimulation 
[58]. Extracellular HMGB1 binds to TLR4 or RAGE 
receptors expressed on neurons and glial cells, activating 
the NF-κB signaling pathway and inducing the expres-
sion of inflammatory mediators, thereby contributing 
to neuroinflammatory responses [59–61]. Although the 
present findings support involvement of NF-κB signaling, 
additional experiments using pharmacological NF-κB 
inhibitors or nuclear translocation assays would further 
strengthen the causal relationship between HMGB1 acti-
vation and NF-κB signaling in this model. Previous stud-
ies have emphasized the role of HMGB1 in promoting 
migraine-related inflammation via NF-κB activation [55, 
62]. However, its involvement in regulating neuropeptide 
release, especially CGRP expression, has not been previ-
ously reported. Herein, siRNA-mediated downregula-
tion of HMGB1 expression in SH-SY5Y cells significantly 
suppressed NF-κB signaling, consistent with previous 
research [63]. Interestingly, CGRP expression was also 
markedly reduced following downregulation of HMGB1. 
These results suggest that HMGB1 not only participates 
in regulating the inflammatory response in migraine but 
also acts as an upstream regulator of CGRP expression 
in trigeminal sensory neurons through NF-κB activation. 
This finding provides new insights into the upstream 
control of CGRP release and highlights HMGB1 as a key 
molecular link between inflammation and neuropeptide 
signaling in the peripheral migraine mechanisms.

A significant characteristic of TVS is the interaction 
between neurons and vascular endothelial cells. CGRP is 
a key neuropeptide released by trigeminal sensory neu-
rons, performing a central role in the development of 
migraine [10]. Traditionally, CGRP has been considered 
to contribute to migraine mainly by inducing vasodila-
tion via actions on cerebral vascular smooth muscle cells 
[64]. However, recent studies indicate that human cere-
bral vascular endothelial cells also express functional 
CGRP receptors and respond to CGRP stimulation by 
increasing intracellular cAMP levels [64–66]. Based on 
these findings, CM derived from SH-SY5Y cells, enriched 
in CGRP, was used to stimulate HUVECs to investigate 
neuron-derived CGRP effects on endothelial cells. The 

results suggested that CGRP significantly promoted acti-
vation of the NF-κB signaling pathway in HUVECs and 
upregulated HMGB1 expression, whereas these effects 
were markedly attenuated by CGRP receptor antagonists. 
While earlier reports emphasized the role of CGRP in 
glia-migraine-related inflammatory responses [67–69], 
the present study identifies vascular endothelial cells 
as active participants in CGRP-mediated neurovascu-
lar inflammation. These findings suggest that endothe-
lial cells are not merely passive CGRP targets but may 
actively amplify neurovascular inflammatory signaling 
via HMGB1 release. Taken together, the present find-
ings support the existence of a neuron-vascular endothe-
lial positive feedback amplification loop within the TVS 
in which HMGB1 promotes neuronal CGRP produc-
tion, and CGRP, in turn, induces HMGB1 expression in 
endothelial cells. This reciprocal interaction, mediated by 
activation of the NF-κB signaling pathway, may amplify 
local inflammatory responses and neural sensitization, 
thereby contributing to the persistence and propaga-
tion of migraine-related inflammation.While HMGB1 
knockdown efficiency was confirmed by both RT-qPCR 
and Western blot analysis, the inclusion of a scrambled 
siRNA control would further strengthen methodological 
specificity. Future studies incorporating additional con-
trol sequences will help further validate the target speci-
ficity of HMGB1 silencing.

In addition to its role in neurovascular signaling, 
HMGB1 was found to significantly promote SH-SY5Y 
cell migration and induce oxidative stress. Neuronal 
migration is essential for cerebral cortex development 
and is implicated in multiple neurological disorders, 
including epilepsy, lissencephaly, schizophrenia, and 
autism [70–72]. Moreover, excessive migration under 
pathological conditions is also considered as a hallmark 
of cellular hyperactivation. Previous studies have pri-
marily focused on the migratory responses of microglia 
and astrocytes to inflammatory or mechanical stimuli 
[73, 74]. Notably, studies of cancer pain have shown that 
increased Schwann cell migration represents a hyper-
activated cellular state that contributes directly to pain 
amplification [75]. In the present study, both migration 
velocity and displacement of SH-SY5Y cells were sig-
nificantly increased under combined inflammatory and 
hypoxic stimulation, suggesting that neurons within 
the TVS may adopt a hyperactivated phenotype under 
migraine-like conditions. This effect was significantly 
inhibited by downregulating HMGB1 expression, indi-
cating that HMGB1 plays a crucial regulatory role in 
neuronal migration. However, whether increased migra-
tion directly reflects altered neuronal excitability or rep-
resents a stress-induced motile response requires further 
investigation. Although neuronal migration in the adult 
nervous system is limited, changes in migratory behavior 
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in vitro reflect cytoskeletal remodeling and cellular acti-
vation in response to inflammatory stress. The observed 
HMGB1-dependent upregulation of CXCR4 suggests 
engagement of the HMGB1/CXCL12/CXCR4 axis, a 
pathway implicated in cellular activation and sensitiza-
tion processes [76–78]. HMGB1-dependent increases 
in migration may reflect enhanced responsiveness of 
trigeminal-like neurons under inflammatory conditions 
relevant to migraine. Notably, we observed increased 
expression of CXCR4 following inflammatory-hypoxic 
stimulation, which was attenuated after HMGB1 knock-
down. The CXCL12/CXCR4 signaling axis has been 
implicated in inflammatory cell recruitment, neuro-
nal activation, and pain sensitization processes. There-
fore, the increased migratory dynamics observed in this 
model may reflect activation of chemokine-mediated 
signaling pathways that contribute to neuroinflammatory 
responses within the trigeminovascular system.

Oxidative stress is also recognized as a critical patho-
logical mechanism in neuronal dysfunction and central 
sensitization [79]. It arises from an imbalance between 
ROS production and antioxidant defenses [80], leading 
to damage of DNA, lipids, and proteins and activation 
of inflammation-related signaling pathways [81]. Clini-
cal studies have reported that migraine patients exhibit 
a pronounced imbalance between serum oxidant and 
antioxidant levels, characterized by reduced activity of 
antioxidant enzymes, such as superoxide dismutase and 
catalase, alongside elevated levels of oxidative stress 
markers, including nitric oxide and malondialdehyde 
[82]. Consistently, animal studies have demonstrated 
significantly increased ROS levels in the trigeminal gan-
glion and trigeminal nucleus caudalis in migraine mod-
els, promoting neuronal sensitization and sustaining the 
pain state [28, 31, 83]. Consistent with these findings, 
the present study showed that inflammatory and hypoxic 
stimulation significantly increased ROS levels in SH-
SY5Y cells. Importantly, HMGB1 knockdown markedly 
reduced ROS accumulation, suggesting that HMGB1 is a 
key mediator of oxidative stress under these conditions, 
in agreement with previous reports [84]. These findings 
suggest that inflammation and hypoxia may drive exces-
sive ROS production through HMGB1, thereby induc-
ing oxidative stress and contributing to migraine-related 
neuronal damage and the persistence of pain.

Conclusion
Although the in vitro model used in this study cannot 
fully replicate the intricate anatomical structure of the 
TVS in vivo, it provides a well-controlled system for 
investigating neuron-endothelial molecular interactions 
relevant to the TVS. Cerebral microvascular endothe-
lial cells would provide higher anatomical specificity, 
and future studies should validate these findings in more 

specialized models. Further validation in animal models 
and clinical samples will be necessary to confirm the rel-
evance of the HMGB1-CGRP feedback loop in migraine.

In conclusion, using an in vitro neurovascular model 
exposed to inflammatory and hypoxic stress, we identify 
HMGB1 as a potential upstream modulator of CGRP-
associated signaling and oxidative stress responses. The 
data support the existence of a bidirectional neuron–
endothelial amplification loop that may contribute to 
trigeminovascular activation. While further validation in 
primary and in vivo systems is required, these findings 
expand the mechanistic framework linking inflammation 
to CGRP dysregulation in migraine. .
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