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Roxadustat alleviates nitroglycerin-induced migraine in mice
by regulating HIF-1α/NF-κB/inflammation pathway
Dai-gang Yang1, Yong-yao Gao1, Ze-qun Yin1, Xue-rui Wang1, Xian-she Meng1, Ting-feng Zou1, Ya-jun Duan1, Yuan-li Chen1,
Chen-zhong Liao1, Zhou-ling Xie1, Xiao-dong Fan2, Lu Sun2, Ji-hong Han1,3 and Xiao-xiao Yang1

Sensitization of central pain and inflammatory pathways play essential roles in migraine, a primary neurobiological headache
disorder. Since hypoxia-inducible factor-1α (HIF-1α) is implicated in neuroprotection and inflammation inhibition, herein we
investigated the role of HIF-1α in migraine. A chronic migraine model was established in mice by repeated injection of nitroglycerin
(10 mg/kg, i.p.) every other day for 5 total injections. In the prevention and acute experiments, roxadustat, a HIF-1α stabilizer, was
orally administered starting before or after nitroglycerin injection, respectively. Pressure application measurement, and tail flick
and light-aversive behaviour tests were performed to determine the pressure pain threshold, thermal nociceptive sensitivity and
migraine-related light sensitivity. At the end of experiments, mouse serum samples and brain tissues were collected for
analyses. We showed that roxadustat administration significantly attenuated nitroglycerin-induced basal hypersensitivity and
acute hyperalgesia by improving central sensitization. Roxadustat administration also decreased inflammatory cytokine levels in
serum and trigeminal nucleus caudalis (TNC) through NF-κB pathway. Consistent with the in vivo results showing that
roxadustat inhibited microglia activation, roxadustat (2, 10, and 20 μM) dose-dependently reduced ROS generation and
inflammation in LPS-stimulated BV-2 cells, a mouse microglia cell line, by inhibiting HIF-1α/NF-κB pathway. Taken together, this
study demonstrates that roxadustat administration ameliorates migraine-like behaviours and inhibits central pain sensitization
in nitroglycerin-injected mice, which is mainly mediated by HIF-1α/NF-κB/inflammation pathway, suggesting the potential of
HIF-1α activators as therapeutics for migraine.
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INTRODUCTION
Migraine is a common primary disease encompassing episodic
and chronic migraine that potently affects the social life of
patients. Episodic migraine can develop to the chronic form. Gene,
environment, age, and hormone differences are risk factors for the
progression and occurrence of migraine [1–3]. At present, the
main clinical drugs for acute migraine treatment are nonsteroidal
anti-inflammatory drugs, triptans and ergotamine [2]. Calcium
antagonists, β-adrenergic receptor antagonists and selective
serotonin-reuptake inhibitors are mostly used for the preventive
treatment of migraine [4]. However, these drugs are not effective
for all people with migraines, as they have some limitations and
may cause severe side effects. Nonsteroidal anti-inflammatory
drugs are usually restricted to no more than 2–3 days per week
and may lead to addiction and cognitive impairment [5]. Triptans
are prohibited for patients with cardiovascular disease [6]. The use
of ergotamine is associated with adverse vascular events [7].
Calcitonin gene-related peptide (CGRP) is a neuropeptide released
from trigeminal nerve fibers and plays a critical role in migraine

pathophysiology [8]. Studies have shown that blocking CGRP or
CGRP receptor seems to be effective and safe in migraine patients.
Rimegepant, which is administered in an orally disintegrating
tablet formulation, is a highly selective CGRP antagonist that was
approved by the FDA in 2020 for the acute treatment of migraine
[9]. However, blocking CGRP may have risks in patients with
comorbidities such as cardiovascular disease [10]. Moreover, four
therapeutic monoclonal antibodies targeting CGRP or CGRP
receptor have been approved by the FDA in recent years for
migraine treatment. However, monoclonal antibodies also have
some limitations, such as a high price and the potential for side
effects, such as red rash, itching, and pain [11]. Therefore, there is
an urgent need to develop new drugs for migraine treatment.
To date, the detailed mechanism of migraine is unclear. A large

number of studies have shown that central sensitization,
especially in the trigeminal nucleus caudalis (TNC), plays a critical
role in migraine and can increase the frequency and maintain the
occurrence of chronic migraine by amplifying pain signals and
causing enhanced pain and disability [12, 13]. Cutaneous allodynia
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(CA) is a clinical manifestation of central sensitization, character-
ized by hypersensitivity to pain triggered by mechanical pressure,
cold, heat, or other stimuli [14, 15]. CA affects more than half of
migraine patients and is related to the severity of the migraine
[16]. Pain hypersensitivity also occurs during migraine attacks [17].
Phosphorylated extracellular regulated protein kinase 1/2 (p-ERK1/2)
and c-Fos are highly expressed in the TNC after innocuous
stimulation and are often used as markers of central sensitization
[18].
Based on accumulating evidence, oxidative stress and neuroin-

flammation both play important roles in the pathogenesis of
migraine. Previous studies have shown that most of the common
triggers of migraine can generate oxidative stress [19]. Lower
activities of superoxide dismutase and glutathione peroxidase and
reduced antioxidant capacity have been found in migraine
patients [20]. The process of migraine is complex and contro-
versial, and the neuroinflammatory cascade between neurons,
astrocytes, and microglia is closely related to pain sensitivity of
migraine. In addition to oxidative stress, neuroinflammation can
also be elevated by common triggers. It has been reported that
inflammatory response mediated by interleukin 1β (IL-1β) in TNC
contributes to the process of central sensitization in a nitroglycerin
(NTG)-induced chronic migraine mouse model [13]. Moreover, IL-
18-mediated microglia-astrocyte interactions and activation of
toll-like receptor 4/nuclear factor-kappa B (NF-κB) also promote
migraine-related allodynia [21]. As a master regulator of proin-
flammatory cytokines, NF-κB activation results in the enhanced
transcription and secretion of IL-1β, IL-6, and tumour necrosis
factor α (TNF-α) [22]. It should be noted that multiple inflamma-
tory cytokines, including IL-1β, IL-6, TNF-α, monocyte chemotactic
protein-1 (MCP-1), and intercellular adhesion molecule-1, are
significantly increased in serum of people with migraines,
indicating that migraine is accompanied by systemic inflammation
[23–26].
Transcription factor hypoxia-inducible factor-1α (HIF-1α) plays

an important protective role in hypoxia and inflammatory
pathways [27]. Activation of HIF-1α protects against doxorubicin-
induced cardiotoxicity by increasing levels of the antiapoptotic
gene Bcl-2 and antioxidant enzyme superoxide dismutase 2 to
reduce apoptosis and oxidative stress pathways [28]. In addition,
cisplatin-induced acute kidney injury can be attenuated by
roxadustat through enhanced HIF-1α levels, which is related to
the protection against renal tubular cell apoptosis and the
inhibition of proinflammatory factors expression [29]. Moreover,
there is evidence that HIF-1α stability has neuroprotective effects,
which are mainly mediated by enhancing vascular endothelial
growth factor production within neuronal cells [30]. Studies have
shown that in a neuropathic pain rat model, HIF-1α stabilization or
activation attenuates neuropathic pain and promotes functional
recovery by enhancing the expression of HIF-1α downstream
target gene BNIP3, reducing inflammatory cytokines, and activat-
ing vascular endothelial growth factor and nerve growth factor
[31, 32]. Therefore, we speculated that HIF-1α may be a
therapeutic target for migraine. As a new HIF prolyl hydroxylase
inhibitor, roxadustat can stabilize HIF-1α to inhibit its degradation
and further activate the transcription of downstream target genes.
Roxadustat is approved for anaemia treatment in patients with
chronic kidney disease (CKD) because it induces erythropoietin
production and iron metabolism [33]. A recent study showed that
roxadustat can reverse depressive-like behaviours in rats by
upregulating the expression of HIF-1α and erythropoietin [34].
Moreover, roxadustat can promote the functional recovery and
neuroprotection of experimental spinal cord injury by stabilizing
HIF-1α [35]. In addition, the anti-inflammatory effect of roxadustat
has been widely reported [36, 37]. A previous study proved that
roxadustat can cross the blood-brain barrier to some extent and
induce the expression of HIF-1α in brain tissue of mice [38].
Therefore, to gain insight into the anti-migraine pharmacological

effects and mechanisms of HIF-1α, we constructed an NTG-
induced chronic migraine mouse model and treated mice with
roxadustat. In this study, we employed two treatment strategies,
including acute and preventive treatment. Moreover, we used BV-
2 cells, a mouse microglia cell line for mechanisms exploration.

MATERIALS AND METHODS
Reagents
Roxadustat was purchased from MedChemExpress (Jiangsu,
China). Nitroglycerin was purchased from Beijing Yimin Pharma-
ceutical Co., Ltd. (Beijing, China). Lipopolysaccharide (LPS) and
thiazolyl blue tetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St Louis, USA). HIF-1α siRNA was purchased from
Guangzhou RiboBio Co., Ltd. (Guangdong, China). PMSF was
purchased from Beyotime Biotechnology (Shanghai, China).
Rabbit anti-IL-1β, NF-κB, ERK1/2, and c-Fos polyclonal and

β-actin monoclonal antibodies were purchased from ABclonal Inc.
(Hubei, China). Rabbit anti-p-ERK1/2, IκBα, phosphorylated IκBα
(p-IκBα) and mouse anti-TNF-α and α-Tubulin monoclonal anti-
bodies were purchased from Proteintech Inc. (Chicago, USA). Rabbit
anti-HIF-1α, phosphorylated-NF-κB (p-NF-κB), and IL-6 monoclonal
antibodies were purchased from Affinity Inc. (Wuhan, China).

Cell culture
BV-2 cells, a murine microglial cell line (ATCC, Manassas, USA),
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Biological Industries, Kibbutz Beit Haemek, Israel) supplemented
with 10% fetal bovine serum (FBS, AusGeneX, Brisbane, AUS) and
1% penicillin/streptomycin (HyClone, Logan, USA) in a humidified
incubator with 5% CO2 at 37 °C.

Determination of cell viability
Cell viability was determined by MTT assay. Briefly, after treatment,
0.5 mg/mL MTT solution (100 μL/well) was added to BV-2 cells in
each well, and the cells were incubated for 4 h at 37 °C. After being
washed with 1× PBS, the cells were incubated in DMSO (150 μL/
well) for 20 min, and the absorbance at 550 nm was measured by
a microplate reader (BioTek Instruments, Winooski, USA).

Determination of cellular reactive oxygen species (ROS)
Cellular ROS levels were determined by the fluorescent dye 2’,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA). After treatment,
DCFH-DA (30 or 1000 μL/well for 96- or 6-well plates, respectively)
was added to BV-2 cells for 20 min in a cell incubator. Then, the
dye was removed, and the cells were washed twice with PBS. The
fluorescence intensity at 488 nm (excitation) and 525 nm (emis-
sion) in the samples in the 96-well plates was determined using a
microplate reader (BioTek Instruments, Winooski, USA), while
samples in 6-well plates were photographed with a fluorescence
microscope (Leica, Wetzlar, Germany).

Knockdown of gene expression by siRNA transfection
BV-2 cells were transfected with HIF-1α siRNA (siHIF-1α, 40 nM/
well) or the corresponding negative control siRNA (siCtrl) using
LipofectamineTM RNAiMAX in serum-free medium according to
the manufacturer’s instruction. After incubation in transfection
medium for 24 h, BV-2 cells were subjected to further treatment.

Animals and drug administration
C57BL/6J mice (male, ~8 weeks old) were purchased from
GemPharmatech Co., Ltd. (Jiangsu, China). All animal experimental
procedures were approved by the Ethics Committee of Hefei
University of Technology (HFUT20210226001) and were per-
formed in accordance with the animal care guidelines of the
National Institutes of Health.
The migraine mouse model was constructed based on previous

reports [39]. In both prevention and acute treatment experiments,
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mice were randomly divided into 3 groups (8 mice/group): normal
saline control group (NS), NTG-induced migraine group (NTG), and
NTG plus roxadustat treatment group (NTG+ Rox). Mice received
the following treatments: the NS group received intraperitoneal
(i.p.) injection of normal saline, and the NTG group received i.p.
injection of NTG (10mg/kg bodyweight) every other day for a total
of 5 injections; the NTG+ Rox group received i.p. injection of NTG
and were fed normal chow containing roxadustat (12.8 mg/100 g
food) for the prevention experiment or treated by the intragastric
(i.g.) administration of roxadustat (12.8 mg/kg body weight once
a day) for the acute treatment experiment. In the prevention
experiment, mice received roxadustat treatment 2 days before the
NTG injection, behaviour tests were conducted before the NTG
injection, and mice were sacrificed on the second day of the last
NTG injection. In the acute treatment experiment, mice received
roxadustat treatment 30 min after the NTG injection, underwent
behaviour tests 2 h after the NTG injection, and were sacrificed
after the behaviour tests. At the end of experiments, serum
samples and brain tissues were collected.

Sensory sensitivity tests
The pressure pain threshold was measured by a pressure
application measurement (PAM) test using an electronic tender-
ness instrument (YLS-3, Yiyan Technology, Jinan, China) [40, 41].
Mouse was put into a fixed cylinder with an audio amplification
device, and the tail was placed between the indenter and a flat
support. Mouse tail was slowly pressed until the mouse screamed,
and the pressure value (g) was recorded. According to a previous
study and based on animal ethics standards, we used 500 g as the
pressure cut-off in our experiment [42]. The pressure values were
recorded three times in each test, and the average value was
defined as the pressure pain threshold.
The tail-flick test was applied to determine the thermal

nociceptive threshold using an electronic tenderness instrument
(YLS-12A, Yiyan Technology, Jinan, China) [40]. Mouse tail was
placed on a platform with an infrared spot to heat the platform.
The time of tail flick was recorded automatically. If the latency was
less than two seconds, the test was performed again. The latency
of the thermal pain reaction was recorded three times in each test,
and the average value was considered as the thermal nociceptive
threshold.
Before NTG injection, one test was conducted and considered

as a baseline threshold (basal responses). Two hours after NTG
injection, another test was performed and defined as the acute
responses.

Light-aversive behaviour test
A light/dark box with two equally sized chambers was used to
quantify migraine-related light sensitivity [43, 44]. The experimental
box was made of opaque white wood. The light chamber is white
and equipped with lighting equipment and a camera system, while
the dark chamber is wrapped with black paper and covered with a
lid. There is a square gate connecting these two chambers. Before
the test, mouse was put into the box for 1min to adapt to the

experimental environment. Time and motion trajectory in the light
chamber were recorded by a video analysis system during a 5min
test session. In the preventive experiment, the light-aversive
behaviour test was performed before NTG injection, while in the
acute treatment experiment, it was performed 1 h after NTG
injection to detect photophobia in the acute phase.

Determination of protein expression by Western blot and mRNA
expression by quantitative real-time PCR (qRT-PCR)
After treatment, BV-2 cells or TNC tissues were lysed in RIPA lysis
buffer containing PMSF and an inhibitor cocktail. Protein
expression was determined by Western blot [45]. The band
density was analysed by ImageJ and normalized to α-Tubulin or
HSP90 in the corresponding samples.
Total RNA was extracted from BV-2 cells or TNC tissues using

total RNApure reagent (Zoman Biotechnology, Beijing, China).
mRNA expression was determined using SYBR® PremixEx TaqTM II
and the indicated primers in a Bio-Rad CFX System. Primers used
in the experiment are shown in Table 1. mRNA expression was
normalized to β-actin mRNA expression in the corresponding
samples.

Immunofluorescence staining
At the end of experiment, mice were anaesthetized by i.p.
injection of 2% sodium pentobarbital, followed by perfusion with
cold PBS. Brain tissue was quickly removed and frozen on dry ice,
and the whole brain was fixed with 4% paraformaldehyde at 4 °C
overnight. Tissues were transferred to 20% and 30% sucrose
solutions until they sank. To determine the expression of c-Fos,
p-ERK1/2, HIF-1α, p-NF-κB, Iba-1, NeuN, and IL-1β in TNC, the
sections within the bregma at −7.47 mm to −8.24mm were
collected for immunofluorescence staining [46]. Briefly, tissues
were embedded in OCT and sectioned at 10 μm thickness. Tissue
sections were incubated with the indicated primary antibodies
overnight at 4 °C and then with fluorescence-conjugated second-
ary antibodies for 2 h at room temperature. Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI) (Beyotime, China) at
room temperature for 10 min. Images were obtained by laser
scanning confocal microscopy (Leica, Wetzlar, Germany). The
mean fluorescence intensity (MFI) was assessed by Photoshop
software and expressed as fold change relative to the NS group.

Antibody array and Gene Ontology (GO) analysis
Mouse serum from the therapeutic experiment group was
collected and analysed using the G-Series Mouse Cytokine Array
1 (GSM-CYT-1, RayBiotech, Guangzhou, China) according to the
manufacturer’s instructions. The original data were normalized by
RayBiotech software. The moderated t-statistics based on linear
models for microarray data (limma) database from R/Bioconductor
was used to analyse proteins with significant differences (P < 0.05).
GO analysis was performed on the obtained protein data using
the clusterProfiler database (http://bioconductor.org/), which is
based on biological process, molecular function, and cellular
component. Fisher’s exact test was used for statistical analysis.

Table 1. Sequences of the primers for the qRT-PCR assay.

Gene Forward Sequence (5′-3′) Reverse Sequence (5′-3′)

m-β-actin ATGGAGGGGAATACAGCCC TTCTTTGCAGCTCCTTCGTT

m-HIF-1α GGCAGCGATGACACAGAAAC TGGGACTGTTAGGCTCAGGT

m-IL-1β GACCTTCCAGGATGAGGACA AGCTCATATGGGTCCGACAG

m-IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA

m-TNF-α CGTCGTAGCAAACCACCAAG TTGAAGAGAACCTGGGAGTAGACA

m: Mus musculus, HIF-1α hypoxia inducible factor-1α, IL-1β/6 interleukin 1β or 6, TNF-α tumour necrosis factor-α.
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Statistical analysis
All values are presented as the mean ± standard deviation (S.D.).
GraphPad Prism 7.0 software was used for statistical analysis. Two-
way ANOVA was used to evaluate the differences between two
groups in the in vivo study, and one-way analysis of variance
(ANOVA) followed by a post hoc Bartlett’s test was used in the
other study. Differences were considered significant at P < 0.05.

RESULTS
Roxadustat protects against LPS-induced inflammation in BV-2
cells
Studies have shown that microglia play a critical role in the
induction and maintenance of neuropathic pain by releasing
proinflammatory cytokines and chemokines [47]. In this study, we
first used BV-2 cells, a murine microglial cell line, to explore the
anti-inflammatory and antioxidative stress roles of roxadustat
in vitro. To determine whether roxadustat can cause cytotoxicity,
we initially pre-treated BV-2 cells with roxadustat for 1 h, followed
by co-treatment with LPS for another 24 h. As shown in Fig. 1a, cell
viability was not affected by roxadustat treatment at low
concentrations but was decreased by 40 μM roxadustat. These
results indicated that the safe dose of roxadustat in BV-2 cells was
20 μM or less. Then, we found that LPS increased ROS
accumulation in BV-2 cells, which was substantially blocked by
roxadustat treatment (Fig. 1b, c).
ROS accumulation can lead to an increase in proinflammatory

cytokines. Indeed, our results showed that LPS increased the
protein levels of proinflammatory factors IL-1β, IL-6, TNF-α, and
p-NF-κB, the active form of NF-κB (Fig. 2a, b). However, the
increases in both the proinflammatory cytokines and nuclear
transcription factor were reversed by roxadustat or Bay 11-7082
(an NF-κB inhibitor). Similarly, LPS-induced IL-1β, IL-6, and TNF-α
mRNA levels were also attenuated by roxadustat or Bay 11-7082
(Fig. 2c). Moreover, our results indicated that 20 μM roxadustat
showed anti-inflammatory effects similar to those of the NF-κB
inhibitor. Furthermore, as shown in Fig. 2a, b, roxadustat
enhanced LPS-mediated reduction in HIF-1α expression, but BAY

11-7082 did not, indicating that NF-κB may be downstream of HIF-
1α. These results suggest that roxadustat may inhibit cellular
inflammation by regulating HIF-1α/NF-κB pathway.
To explore the mechanisms by which roxadustat regulates the

inflammatory response, we transfected BV-2 cells with HIF-1α
siRNA. The results in Fig. 2d–f demonstrate that silencing HIF-1α
dramatically enhanced the mRNA expression of inflammatory
factors IL-6 and TNF-α and the protein expression of IL-6 in BV-2
cells in both the presence and absence of LPS. Similar results were
observed for p-NF-κB levels (Fig. 2e, f). Roxadustat had little effect
on LPS-induced inflammatory cytokines and p-NF-κB levels in HIF-
1α knockdown cells compared to control cells (Fig. 2d–f). Hence,
the above results suggest that HIF-1α may be a key regulator that
inhibits the inflammatory response. Taken together, these results
indicate that roxadustat reduces ROS production and cellular
inflammation, at least in part, through the HIF-1α/NF-κB pathway.

Roxadustat prevents NTG-induced migraine in C57BL/6J mice
NTG can cause hyperalgesia and is widely used to construct
migraine mouse model [39]. To explore the protective effects of
roxadustat in vivo, we pre-fed mice normal chow containing
roxadustat for 2 days before NTG injection (Fig. 3a). The PAM and
tail-flick tests were performed on Days 3, 5, 7, 9, and 11. As shown
in Fig. 3b, c, there was no significant difference between groups in
the baseline threshold before NTG administration (the first day of
NTG injection). Compared with those in the NS group, mice in the
NTG group showed a significant decrease in both the pressure
pain threshold and thermal nociceptive threshold of basal
responses after NTG injection (Fig. 3b, c). However, roxadustat
treatment significantly restored NTG-induced basal hypersensitiv-
ity, indicating the protective effects of HIF-1α activation on NTG-
induced migraine. In addition, migraine can also cause light
aversion. Light-aversive behaviour test was performed to evaluate
the photophobic behaviour of mice. In general, mice in each
group showed a strong tendency to stay in the dark environment.
Compared with those in the NS group, mice in the NTG group
showed less activity and a shorter residence time in the light
chamber, suggesting the occurrence of migraine-related

Fig. 1 Roxadustat reduces LPS-induced intracellular ROS levels in BV-2 cells. a BV-2 cells were pre-treated with roxadustat at indicated
concentrations for 1 h, then co-treated with 1 μg/mL LPS for another 24 h, followed by determination of cell viability by MTT assay. b, c BV-2
cells were pre-treated with indicated concentrations of roxadustat for 1 h, then co-treated with 1 μg/mL LPS for another 12 h. ROS levels were
detected using DCFH-DA. ##P < 0.01; ###P < 0.001 vs. Control group (Ctrl); **P < 0.01 vs. LPS treated group; ns: not significantly different (n= 5),
Rox: roxadustat.
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photophobia in the model group (Fig. 3d, e). In contrast, mice in
the preventive group treated with roxadustat moved more
frequently and showed a strong tendency to stay in the light
chamber, indicating that roxadustat improved NTG-induced light
sensitivity.
There is increasing evidence that c-Fos and p-ERK1/2 are

reliable molecular markers of central sensitization [18]. Our results
showed that the repeated administration of NTG increased
p-ERK1/2 and c-Fos protein levels in TNC (Fig. 3f). Moreover, co-
immunofluorescence staining indicated that p-ERK1/2 and c-Fos

protein levels were higher in the NTG group than in the NS group
and these proteins were localized in neuron cells of TNC (Fig. 3g,
h). Compared with the NTG group, the preventive group treated
with roxadustat showed a significant decrease in the protein levels
of c-Fos and p-ERK1/2 in TNC (Fig. 3f–h), suggesting that
roxadustat can ameliorate NTG-induced central sensitization.
Our in vitro results showed that roxadustat can stabilize HIF-1α

and improve LPS-induced inflammation in BV-2 cells. Consistently,
preventive treatment with roxadustat enhanced HIF-1α levels that
were reduced by NTG (Fig. 4a, b). Moreover, roxadustat improved

Fig. 2 Roxadustat protects against LPS-induced inflammation in BV-2 cells. a–c BV-2 cells were pre-treated with BAY (5 μM) or roxadustat at
the indicated concentrations for 1 h, then co-treated with 1 μg/mL LPS for another 12 h. Protein expression of HIF-1α, NF-κB, p-NF-κB, IL-6, IL-
1β and TNF-α was determined by Western blot with quantitative analysis of band intensity (a and b); mRNA levels of IL-1β, IL-6 and TNF-α were
determined by qRT-PCR (c). d–f BV-2 cells were transfected with HIF-1α siRNA or the corresponding negative control siRNA for 24 h, then pre-
treated with 10 μM roxadustat for 1 h, followed by 1 μg/mL LPS co-treatment for another 12 h. mRNA levels of IL-6 and TNF-α were determined
by qRT-PCR (d); protein expression of HIF-1α, NF-κB, p-NF-κB and IL-6 was determined by Western blot with quantitative analysis of band
intensity (e and f). #P < 0.05; ##P < 0.01; ###P < 0.001 vs. Control group (Ctrl). *P < 0.05; **P < 0.01; ***P < 0.001 vs. LPS treated group; ^P < 0.05;
^^P < 0.01; ^^^P < 0.001 vs. siHIF-1α group; $P < 0.05, $$P < 0.01 vs. LPS treated siHIF-1α group, ns: not significantly different (n= 3). Bay: Bay
11-7082; Rox: roxadustat; R2/10/20: roxadustat 2 or 10 or 20 μM.
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Fig. 3 Preventative treatment with roxadustat improves NTG-induced migraine in C57BL/6J mice. a In the prevention experiment, mice
were fed with normal chow or chow containing roxadustat (12.8 mg/100 g food) for 11 days. On day 3, 5, 7, 9 and 11, mice received i.p.
injection of normal saline or NTG (10mg/kg bodyweight). Before NTG injection, mouse was conducted tail-flick and PAM test for
determination the threshold of thermal nociceptive (b) and pressure pain (c), respectively. Before NTG injection, mouse was conducted light-
aversive behaviour test for determination the motion trajectory (d) and the time (e) of mouse in the light chamber. After treatment, mice were
sacrificed, followed by collection of brain tissues. Protein expression of c-Fos and p-ERK1/2 in TNC was determined by Western blot with
quantitative analysis of band intensity (f); TNC frozen sections were conducted co-immunofluorescence staining with c-Fos (red, g) or p-ERK1/
2 (red, h) and NeuN (neuronal marker, green) antibodies. White arrow indicates expression of c-Fos or p-ERK1/2 in neuron cells of TNC.
#P < 0.05; ##P < 0.01; ###P < 0.001 vs. NS group; *P < 0.05; **P < 0.01; ***P < 0.001 vs. NTG group (n= 5); Rox: roxadustat.
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the neuroinflammation induced by the repeated administration of
NTG, as evidenced by the decreased protein levels of proin-
flammatory factors IL-6 and IL-1β (Fig. 4a–d) and mRNA levels of
IL-1β, IL-6, and TNF-α in TNC (Fig. 4e). In addition, the ELISA results
showed that serum TNF-α levels were increased in the NTG group
but reduced by roxadustat treatment (Fig. 4f). Taken together, the
above results suggest that roxadustat attenuates central sensitiza-
tion by regulating neuroinflammation in TNC.

HIF-1α activation exerts treatment effects on NTG-induced
migraine-like behaviours
Migraine is a periodic disease that encompasses preventive and
acute stages in which treatment can be administered. To elucidate
the ability of roxadustat to improve symptoms in the acute stage,
mice in the acute treatment group received i.g. administration of
roxadustat daily after NTG injection (Fig. 5a). The results of
behavioural experiments highlighted that acute treatment with
roxadustat significantly attenuated NTG-induced basal hypersen-
sitivity, acute hyperalgesia, and light sensitivity (Fig. 5b–g),
indicating that HIF-1α activation may be a therapeutic strategy
for migraine. Compared to NS treatment, NTG administration
significantly induced hyperalgesia. However, acute treatment with

roxadustat improved the thermal nociceptive threshold and
pressure pain threshold of basal responses from the fifth day
(Fig. 5b, c), and acute responses and photophobia from the first
administration of NTG (Fig. 5d–g).
Consistent with the results in Fig. 3, we found that acute

treatment with roxadustat decreased the markers of central
sensitization, p-ERK1/2 and c-Fos, in TNC (Fig. 6). The results of co-
immunofluorescence staining further confirmed that roxadustat
treatment in the acute stage decreased p-ERK1/2 and c-Fos levels
in TNC neurons (Fig. 6b, c). Activated microglia can secrete a
number of proinflammatory cytokines, which are the main
contributors to central sensitization [13]. To explore the mechan-
isms of roxadustat in migraine treatment, we examined whether
roxadustat can reduce the activation of microglia in TNC by
conducting immunofluorescence staining using an Iba-1 (a
microglia marker) antibody. As shown in Fig. 7a, b, NTG
stimulation induced microglia activation, which was reduced by
roxadustat treatment. In addition, we measured proinflammatory
and anti-inflammatory cytokines in TNC. Our results showed that
roxadustat reversed the NTG-mediated increase in IL-6 and
decrease in IL-10 protein expression (Fig. 7c, d). Moreover, the
main regulator of inflammation, p-NF-κB (the active form of

Fig. 4 Preventative treatment with roxadustat ameliorates NTG-induced neuroinflammation. TNC tissues collected from mice used in
Fig. 3 were conducted the following assays. a and b Protein expression of HIF-1α, IL-1β and IL-6 was determined by Western blot with
quantitative analysis of band intensity. c and d TNC sections were used to determine IL-1β protein expression by immunofluorescence
staining with quantitation of MFI. emRNA levels of IL-1β, IL-6, and TNF-α were determined by qRT-PCR. f Serum TNF-α levels were determined
using a mouse TNF-α ELISA kit according to the manufacturer’s instructions. ##P < 0.01; ###P < 0.001 vs. NS group; **P < 0.01; ***P < 0.001 vs.
NTG group (n= 3); Rox: roxadustat.
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NF-κB), was reduced by roxadustat (Fig. 7c, d). IκBα, a member of
the IκB family, is relevant for the transcriptional activity of NF-κB.
We found that NTG enhanced the levels of p-IκB (the active form
of IκB), which was attenuated by roxadustat (Fig. 7c, d). Consistent
with the findings in BV-2 cells, roxadustat treatment stabilized HIF-
1α in mouse TNC (Fig. 7c–g). The immunofluorescence staining
results in Fig. 7e, f further confirmed that inflammation was
downregulated by roxadustat. In addition, we found that mRNA

levels of IL-1β, IL-6, and TNF-α were enhanced in TNC of the NTG
group and were greatly attenuated by roxadustat (Fig. 7g).
There is clinical evidence that the levels of serum inflammatory

biomarkers are increased in patients during migraine attacks
[25, 26]. Hence, to determine whether roxadustat can regulate
systemic inflammation in a migraine mouse model, we detected
serum proinflammatory factors using RayBio® Label-Based Mouse
Antibody Arrays. According to the GO analysis results, there was

Fig. 5 Acute treatment with roxadustat improves NTG-induced migraine in C57BL/6 J mice. a In the acute treatment experiment, mice
received i.p. injection of normal saline or NTG (10mg/kg bodyweight) on day 1, 3, 5, 7 and 9. After 30min of NTG injection, mice were given
i.g. administration of normal saline or roxadustat (12.8 mg/kg bodyweight). Mouse was conducted tail flick (b and d) and PAM test (c and e).
The basal responses (b and c) were recorded before NTG injection, while the acute responses (d and e) were recorded 2 h after NTG injection.
After NTG injection, mouse was conducted light-aversive behaviour test for determination of motion trajectory (f) and the time (g) of mouse
in the light chamber. ##P < 0.01; ###P < 0.001 vs. NS group; *P < 0.05; **P < 0.01; ***P < 0.001 vs. NTG group (n= 5); Rox: roxadustat.
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an acute inflammatory response in the serum of NTG-injected mice
(Fig. S1). The expression of proinflammatory cytokines, especially IL-
6, keratinocyte chemoattractant (KC), MCP-1, and IL-1β, was
increased in the NTG group compared with the NS group. In
contrast, the elevated inflammatory cytokines were improved by
roxadustat (Fig. 7h). Overall, these results indicate that roxadustat
administration can attenuate central sensitization by regulating
microglia activation and neuroinflammation in TNC and systemic
inflammation through HIF-1α/NF-κB/inflammation pathway.

DISCUSSION
In the present study, to gain insight into the pharmacological
effects of HIF-1α activation on anti-migraine activity, roxadustat
was employed in an NTG-induced migraine mouse model. The
clinical strategy for migraine is generally divided into preventive
and acute treatment [5]. Therefore, we treated mice before NTG or
after NTG administration in this study. In both the prevention and
acute treatment groups, roxadustat improved the pressure pain
and thermal nociceptive thresholds and ameliorated photophobia
(Figs. 3 and 5). Additionally, the levels of central sensitization mar-
kers, p-ERK1/2, and c-Fos, in TNC were inhibited by roxadustat
(Figs. 3 and 6). In addition, we found that roxadustat had anti-
inflammatory and antioxidative stress properties both in vivo and
in vitro, evidenced by decreased inflammatory cytokines in mouse
TNC, serum and BV-2 cells (Figs. 2, 4, and 7). Furthermore, siRNA
experiments demonstrated that the ability of roxadustat to reduce
inflammation was dependent on the HIF-1α/NF-κB pathway
(Fig. 2). Roxadustat is approved in many countries and regions,
such as the UK, EU, China, Japan, South Korea and Chile, for the
treatment of anaemia in CKD patients [48]. Therefore, our study

may not only provide an effective strategy for migraine treatment
but also broaden the indications of roxadustat in other diseases.
The occurrence and development of migraine are accompanied

by the central sensitization of trigeminal pain pathway [13].
Allodynia, an abnormal sensory state that is usually caused by
harmless stimuli, is the main manifestation of central sensitization
in most patients with migraine [49]. In our study, the PAM and tail
flick tests showed that roxadustat treatment significantly restored
NTG-induced acute and basal responses (Figs. 3b, c, and 5b–e).
Photophobia is one of the most common symptoms of migraine
[50]. The light-aversive behaviour test showed that roxadustat
treatment significantly improved NTG-induced photophobia
(Figs. 3d, e and 5f, g). p-ERK1/2 and c-Fos have been widely used
as markers of nociceptive neuronal activation and central
sensitization. Inhibition of c-Fos protein expression by the
intrathecal injection of c-Fos antisense oligodeoxynucleotides
can decrease the thermal hyperalgesia induced by complete
Freund’s adjuvant in rats [51]. ERK is a member of the mitogen-
activated protein kinase (MAPK) family. ERK activation in
nociceptive spinal neurons may maintain persistent inflammatory
pain hypersensitivity by regulating the transcription of prodynor-
phin and neurokinin-1 [52]. Under strong noxious stimulation,
p-ERK1/2 levels were found to increase, while MEK inhibitors
reduced p-ERK1/2 levels to attenuate formalin-induced pain
behaviours [53]. In our study, we found that roxadustat treatment
significantly decreased the protein levels of c-Fos and p-ERK1/2 in
TNC (Figs. 3f–h and 6), suggesting that roxadustat ameliorates
NTG-induced central sensitization by regulating c-Fos and p-ERK1/
2 pathways.
Although the causes of migraine are still unclear, inflammation

has been demonstrated to be a universal trigger [54]. The process

Fig. 6 Acute treatment with roxadustat improves NTG-induced central sensitization in TNC. TNC tissues collected from mice used in Fig. 5
were conducted the following assays. a Protein expression of c-Fos, p-ERK1/2 and ERK1/2 in TNC was determined by Western blot with
quantitative analysis of band intensity. TNC frozen sections were conducted co-immunofluorescence staining with c-Fos (red, b) or p-ERK1/2
(red, c) and NeuN (neuronal marker, green) antibodies. White arrow indicates expression of c-Fos or p-ERK1/2 in neuron cells of TNC. ##P < 0.01;
###P < 0.001 vs. NS group; **P < 0.01; ***P < 0.001 vs. NTG group (n= 3); Rox: roxadustat.
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Fig. 7 Acute treatment with roxadustat ameliorates NTG-induced neuroinflammation and systemic inflammation. Brain tissues and serum
collected from mice used in Fig. 5 were conducted the following assays. a and b TNC frozen sections were used to determine Iba-1 protein
expression by immunofluorescence staining with quantitation of MFI. c and d Protein expression levels of HIF-1α, IL-6, IL-10, NF-κB, p-NF-κB,
IκB, and p-IκB in TNC were determined by Western blot with quantitative analysis of band intensity. e and f TNC frozen sections were used to
determine HIF-1α, p-NF-κB, and IL-1β protein expression by immunofluorescence staining with quantitation of MFI. g mRNA levels of HIF-1α,
IL-1β, IL-6, and TNF-α in TNC were determined by qRT-PCR. h Serum proinflammatory cytokines were analyzed by RayBio® Label-Based Mouse
Antibody Arrays according to the manufacturer’s instructions. #P < 0.05; ##P < 0.01; ###P < 0.001 vs. NS group; *P < 0.05; **P < 0.01; ***P < 0.001
vs. NTG group (n= 3); ns: not significantly different, Rox: roxadustat.
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of migraine is accompanied by systemic inflammation. Interest-
ingly, the inflammatory response is altered with disease progres-
sion [55]. In our study, the RayBio® Label-Based Mouse Antibody
Array results showed that NTG injection enhanced the systemic
inflammatory response. Most notably, the expression of IL-6, KC,
MCP-1 and IL-1β was increased in mice of the NTG group.
However, the elevated inflammatory cytokines levels were
improved by roxadustat (Fig. 7h). Central sensitization, especially
in the TNC, plays a critical role in migraine. Glial cells are activated
in the TNC of patients with migraine and can promote central
sensitization by releasing proinflammatory mediators. Inflamma-
tory factors can further promote and maintain chronic pain [56]. In
an NTG-induced migraine mouse model, microglia were activated
to mediate IL-1β release and promote central sensitization [13].
IL-6 participates in migraine-related pain behaviour by enhancing
the sensitization of dural afferents [57]. Therefore, inhibiting
inflammation is a therapeutic strategy for migraine treatment.
Nonsteroidal anti-inflammatory drugs are used in clinical treat-
ment of migraine [2]. In addition to serum, TNC also showed
significantly increased proinflammatory factors levels in the NTG
group. However, the enhanced levels of proinflammatory factors
in TNC and serum were noticeably reduced by roxadustat
treatment (Figs. 4 and 7). NF-κB is a master regulator of
inflammation [58]. Rhynchophylline was found to attenuate
NTG-induced migraine in a rat model by suppressing MAPK/NF-
κB signalling [59]. In our study, NTG-induced p-NF-κB and p-IκB
levels were reduced by roxadustat (Fig. 7c–f). In addition, our
results showed that roxadustat improved NTG-induced microglia
activation (Fig. 7a, b). Consistent with the in vivo results,
roxadustat treatment decreased LPS-induced ROS production
and inflammatory cytokines expression (Figs. 1 and 2). Taken
together, these results suggest that roxadustat can improve
neuroinflammation through NF-κB pathway.
Activation of HIF-1α can improve inflammation, which con-

tributes to neuroprotective effects in nerve cells [30, 60]. In our
study, we found that roxadustat treatment stabilized HIF-1α both
in vivo and in vitro. In addition, the levels of inflammatory factors
were enhanced after HIF-1α expression was inhibited by siRNA in
BV-2 cells. Moreover, the inhibitory effect of roxadustat on
inflammatory cytokines was restored in HIF-1α siRNA transfected
BV-2 cells (Fig. 2d–f). Similarly, roxadustat had little effect on LPS-
induced p-NF-κB levels in HIF-1α knockdown cells (Fig. 2e, f).
Based on the above results, we suggest that the anti-inflammatory
effect of roxadustat is mediated by HIF-1α/NF-κB pathway.

In conclusion, we demonstrated that the HIF-1α stabilizer
roxadustat can protect against NTG-induced migraine in both the
prevention and acute treatment strategies. In BV-2 cells, we found
that LPS-induced cellular ROS production and inflammatory
cytokines expression were inhibited by the stabilization of HIF-1α.
The in vivo study showed that roxadustat treatment improved TNC
activation by reducingmarkers of central sensitization and inhibiting
inflammation in TNC and serum. Clearly, these data indicate that the
anti-inflammatory effect of roxadustat is regulated by HIF-1α/NF-κB
pathway (Fig. 8). Taken together, our results suggest that HIF-1αmay
be an effective therapeutic target for migraine and that roxadustat
may be a candidate drug for migraineur.
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