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Background: Recent studies indicated that analgesic overuse upregulated 5-hydroxytrypta
mine receptor 2A (5-HT2AR) and subsequently activated nitric oxide synthase (NOS) and 
thus induced latent sensitization, which provided a mechanistic basis for medication-overuse 
headache (MOH). Moreover, glycogen synthase kinase-3β (GSK-3β) was regulated by 
serotonin receptors and the phosphorylation of GSK-3β affected NOS activity, indicating 
that GSK-3β could be involved in the regulation of NOS activity by 5-HT2AR in MOH 
pathophysiology. Herein, we performed this study to investigate the role of 5-HT2AR in 
MOH pathophysiology and the role of GSK-3β in the regulation of NOS activity by 5-HT2A 

R.
Materials and Methods: Wistar rats were daily administered with paracetamol (200 mg/ 
kg) for 30 days to set animal models for pre-clinical MOH research. After the rat MOH 
models were successfully established, the expression of 5-HT2AR and NOS, GSK-3β activity 
in trigeminal nucleus caudalis (TNC) were assayed. Then, 5-HT2AR antagonist ketanserin 
and agonist DOI were applied to investigate the effect of 5-HT2AR on NOS activity in TNC 
of MOH rats, and GSK-3β antagonist LiCl and agonist perifosine were applied to explore the 
role of GSK-3β in the activation of NOS by 5-HT2AR.
Results: We found that the expression of 5-HT2AR and NOS, GSK-3β activity were 
enhanced in TNC of MOH rats. 5-HT2AR modulator regulated the activity of NOS and 
GSK-3β in TNC of MOH rats, and drugs acting on GSK-3β affected NOS activity.
Conclusion: These data suggest that GSK-3β may mediate the activation of NOS by 5- 
HT2AR and underline the role of 5-HT2AR in MOH pathophysiology.
Keywords: medication-overuse headache, 5-hydroxytryptamine receptor 2A, nitric oxide 
synthase, glycogen synthase kinase-3β

Introduction
Medication-overuse headache (MOH) is one of the most common chronic headache 
disorders occurring from the excessive use of headache abortive medication. MOH 
is the 20th cause of disability worldwide according to Global Burden of Disease 
Study 2015,1 which causes the poor general quality of life in sufferers and the 
mechanism of it remains not clear, as well as the potential therapeutic target 
remains unfound.2

Previous studies indicated that serotonergic dysfunction was implicated in the 
pathogenesis of MOH. A pilot study showed that the whole blood 5-hydroxytryp
tamine (5-HT) levels were reduced in MOH sufferers.3 Depletion of 5-HT from 
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storage, increase of serotonin transporter activity in plate
lets and suppression of 5-HT uptake following analgesic 
abuse could result in the hyposerotonergic state.4–6 

Moreover, analgesic-induced 5-HT depletion consequently 
upregulates the pro-nociceptive 5-hydroxytryptamine 
receptor 2A (5-HT2AR).7 While the upregulation of central 
and peripheral 5-HT2AR is important to cortical hyper- 
excitation and nociceptive facilitation in MOH.8 

Presumably, the upregulation of 5-HT2AR may facilitate 
the chronicization of headache and the development 
of MOH.

Reducing 5-HT level brings an immediate increase in 
neuronal nitric oxide synthase (nNOS) activity,9 and ser
otonin depletion induces cortical hyperexcitability and tri
geminal nociceptive facilitation via the nitric oxide (NO) 
pathway.10 The activation of 5-HT2AR leads to an 
enhancement of nitric oxide synthase (NOS) expression 
and NO production in the trigeminovascular pathway and 
consequently may trigger migraine attacks by inducing 
cerebral vasodilation and nociceptive sensitization.11 NO/ 
NOS signaling may participate in the serotonergic dys
function in MOH pathogenesis.

Triptan administration enhances the expression of 
nNOS in trigeminal ganglion dural afferents, which is 
critical for increased responsiveness to potential migraine 
triggers and induces latent sensitization, providing 
a mechanistic basis for MOH.12,13 Additionally, NO sti
mulates calcitonin gene related peptide (CGRP) synthesis 
and secretion from trigeminal neurons through activation 
of T-type calcium channels and mitogen-activated protein 
kinase signal transduction cascades.14 The enhancement of 
CGRP may form the basis for decreases in the threshold at 
which headache attacks can be triggered and could result 
in more frequent headaches.13

The brain serotonin deficiency is accompanied by 
reduced phosphorylation of glycogen synthase kinase-3β 
(GSK-3β) and consequently an increase in kinase 
activity.15 Further investigation into the effect of serotonin 
on GSK-3β revealed that serotonergic regulation of the 
phosphorylation of GSK-3β was achieved by a balance 
between the opposing actions of the 5-HT receptor sub
types, namely, 5-HT1A receptors mediated increases, while 
5-HT2 receptors mediated decreases in phospho-Ser9-GSK 
-3β levels, thus regulating the activity of the kinase.16 

Moreover, GSK-3β regulated the expression of inducible 
nitric oxide synthase (iNOS) and NO production,17 and 
GSK-3β phosphorylation modulated the expression of 
endothelial nitric oxide synthase (eNOS).18

Accordingly, it was hypothesized that analgesic overuse 
caused upregulation of 5-HT2AR, and the increased 5-HT2A 

R dephosphorylated GSK-3β and subsequently activated 
NOS, and induced latent sensitization and finally lead to 
MOH in the current study. An experimental animal model 
was employed to investigate the role of 5-HT2AR in MOH 
pathophysiology and the role of GSK-3β in the regulation of 
NOS activity by 5-HT2AR and finally to verify the hypothesis 
in this study.

Materials and Methods
Animals and Drug Treatment
Adult male Wistar rats (aged 8 weeks and weighing 
180–200 g) used in the study were maintained under con
trolled environmental conditions. All experimental proce
dures were conformed to the specifications of National 
Institute of Health Guide for the Care and Use of 
Laboratory Animals and approved by the Institutional 
Animal Care and Use Committee of Sun Yat-sen 
University.

The study had three components. The first part was to 
evaluate the rat MOH model. MOH model had been estab
lished in the previous study.19 In brief, rats were administered 
intraperitoneally paracetamol (200 mg/kg body weight) once 
daily for 30 days to set the model for pre-clinical MOH 
research. In this experiment, rats were divided into paraceta
mol-treated and control groups (10 rats each). Paracetamol 
(200 mg/kg body weight, intraperitoneally) was administered 
once daily for 30 days to the paracetamol-treated group, 
whereas the vehicle (12.5% of 1,2-propanediol in 0.9% ster
ile saline) of the same volume was given to the control. The 
tactile sensitivity and the expression of CGRP, C-Fos, 5- 
HT2AR and NOS, GSK-3β phosphorylation and NO produc
tion in TNC were assayed to evaluate the rat MOH model. 
The second part was to determine the effect of 5-HT2AR on 
tactile sensitivity, GSK-3β activity and NO/NOS pathway in 
MOH. MOH rats were established through chronic parace
tamol exposure, and then they were divided into 5-HT2A 

R antagonist ketanserin-treated, agonist DOI-treated and 
control groups (10 rats each). After 30-day daily paracetamol 
infusion, ketanserin (10mg/kg body weight, intraperitone
ally), DOI (0.1mg/kg body weight, intraperitoneally) or vehi
cle was administrated once daily for 7 days. The tactile 
sensitivity of rats, the expression of CGRP, C-Fos and 
NOS, GSK-3β activity and NO production in TNC were 
assayed. The third experiment aimed at investigating the 
effect of GSK-3β on tactile sensitivity, 5-HT2AR and NO/ 
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NOS pathway in MOH. MOH rats were divided into GSK-3β 
antagonist LiCl-treated, agonist perifosine-treated and con
trol groups (10 rats each). After 30-day daily paracetamol 
infusion, LiCl (100mg/kg body weight, intraperitoneally), 
perifosine (20mg/kg body weight, intraperitoneally) or vehi
cle was administrated once daily for 7 days. The tactile 
sensitivity of rats, the expression of CGRP, C-Fos, 5-HT2A 

R and NOS, GSK-3β activity and NO production in TNC 
were assayed. Eighty rats were used in the study in all, 10 rats 
each group, and there were 8 groups, ie, the first part includ
ing 2 groups, the second part including 3 groups, and the 
third part including 3 groups. These rats were randomized to 
these groups, and the researchers who performed the detec
tion were blind to the grouping information.

Von Frey Hair Testing
After drug treatment, the tactile sensitivity was determined 
with calibrated von Frey hairs (Stoelting Co., Wood Dale, 
Illinois, USA) by the up-down method as described 
previously.13,20 Briefly, after acclimating the rats in cages 
for 30 min, a series of von Frey hairs with logarithmically 
incremental stiffness were applied to the plantar surface of 
the hind paw for 6–8 s at intervals of 30 s between con
secutive stimuli. Quick withdrawal of the hind paw in 
response to the stimulus was considered as a positive 
response. The maximum stimulus strength was 15 g.

Immunohistochemical Study
Half of 80 anesthetized rats were transcardially perfused 
and left medulla oblongata and first cervical cord (C1 level 
of cervical spinal cord) were isolated for immunohisto
chemical study as described previously.20 Sections were 
successively incubated with primary antibody against 
c-Fos (rabbit polyclonal antibody, dilution 1:500; Abcam, 
Cambridge, UK) overnight and peroxidase-conjugated 
goat anti-rabbit immunoglobulin G (IgG, Dako REAL 
EnVision Detection System, Glostrup, Denmark) for 1 
h. c-Fos immunoreactive cells were identified in light of 
the cell nucleus with an intense brown stain, and the 
number of c-Fos immunoreactive cells was determined 
using Image J software (version 1.4.3.67, NIH).

Immunofluorescence Study
Sections were incubated with primary antibody against 
CGRP (rabbit monoclonal antibody, dilution 1:100; 
Abcam), 5-HT2AR (rabbit polyclonal antibody, dilution 
1:100; Abcam) and nNOS (rabbit monoclonal antibody, 
dilution 1:200; Cell signaling technology, Danvers, MA, 

USA) overnight. The secondary antibody was Alexa 
Fluor® 488 or Alexa Fluor® 555-conjugated goat anti- 
rabbit IgG (dilution 1:1000; Cell signaling technology) 
for 1 h. DAPI was used to stain the cell nucleus (1:1000 
dilution of 1mg/mL stock solution). Sections were 
observed under a fluorescence microscope (BX51, 
Olympus). Immunoreactive cells of CGRP, 5-HT2AR, 
and nNOS were identified according to the green or red 
fluorescence labeled in the cells, and the total cells were 
counted through the blue fluorescence labeled in the cell 
nucleus. The number of immunoreactive cells was 
expressed as a percentage of the total cells. The number 
of immunoreactive cells and the total cells was deter
mined using Image J software. Data from 10 regions 
sampled from each section (10 sections per rat) were 
averaged and presented as percentages.

Western Blot Analysis
The other half of 80 anesthetized rats were transcardially 
perfused and left medulla oblongata and first cervical cord 
(TNC) were isolated for Western blot analysis as 
described previously.20 The membranes were successively 
incubated with primary antibody against CGRP (rabbit 
monoclonal antibody, dilution 1:500; Abcam), c-Fos (rab
bit polyclonal antibody, dilution 1:500; Abcam), 5-HT2A 

R (rabbit polyclonal antibody, dilution 1:500; Abcam), 
GSK-3β (rabbit polyclonal antibody, dilution 1:500; 
Abcam), GSK-3β (phospho S9, rabbit polyclonal anti
body, dilution 1:500; Abcam) and nNOS (rabbit monoclo
nal antibody, dilution 1:500; Cell signaling technology) 
overnight and horseradish peroxidase-conjugated goat 
anti-rabbit IgG (dilution 1:5000; Jackson, PA, USA) for 
1 h. GAPDH (rabbit monoclonal antibody, dilution 
1:3000; Cell signaling technology) was served as 
a control. Densitometry was analyzed using Image 
J software.

NO Analysis
Tissue homogenates of the left medulla oblongata and first 
cervical cord (TNC) were collected for NO analysis using 
Griess reagent. Briefly, 50μL of the tissue supernatant was 
reacted with 50μL Griess reagent Ⅰ and 50μL Griess 
reagent Ⅱ at 37°C incubator for 10 min, respectively. 
The concentration of nitrite was measured at 
a wavelength of 540 nm using a microplate reader (Bio- 
Tek FL600 microplate fluorescence reader).
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Statistical Analysis
All statistics were calculated with the IBM SPSS Statistics 
23.0 (SPSS Inc., Chicago, IL, USA). Quantitative data were 
presented as the means ± standard deviation, and the normal
ity of the distributions of data was evaluated with the 
Kolmogorov–Smirnov test. The quantitative data were ana
lyzed with a one-way ANOVA followed by LSD-t post hoc 
test when they were normally distributed, otherwise the data 
were analyzed with the Kruskal–Wallis test. Enumeration 
data were presented as the frequency or percentage, and they 
were analyzed with the chi-square test. A two-tailed P value 
of less than 0.05 was considered as statistically significant.

Results
Establishment and Evaluation of the Rat 
MOH Models
Chronic paracetamol exposure for 30 days led to a decrease 
in the hind paw withdrawal thresholds of rats (t-test, t = 
−3.012, P = 0.006; Figure 1A), that was an increase in the 
tactile sensitivity of rats, and CGRP and C-Fos immunor
eactivity in TNC of rats were significantly increased (Figure 
1B and C), and the protein expression of CGRP and C-Fos 

in TNC of rats were also significantly increased (t-test, t = 
22.346, P = 0.000; t = 12.598, P = 0.000; Figure 1D), 
indicating that the rat MOH models were successfully estab
lished. 5-HT2AR and nNOS immunoreactivity in TNC of 
MOH rats were significantly increased (Figure 1E and F), 
and the protein expression of 5-HT2AR and nNOS in TNC 
were also significantly increased (t-test, t = 28.762, P = 
0.000; t = 19.982, P = 0.000; Figure 1G). Phosphorylation 
of GSK-3β in TNC of MOH rats was significantly decreased 
(t-test, t = −36.820, P = 0.000; Figure 1G), thus leading to an 
increase in activity of the kinase. Endogenous NO produc
tion in TNC was also significantly increased (t-test, t = 
5.721, P = 0.000; Figure 1H).

Activation of nNOS by 5-HT2AR in MOH
MOH rats were established through chronic paracetamol 
exposure. 5-HT2AR antagonist ketanserin treatment caused 
decreases in the tactile sensitivity of MOH rats (one-way 
ANOVA followed by LSD-t post hoc test, F = 15.738, P = 
0.021), CGRP, C-Fos and nNOS immunoreactivity in TNC 
of MOH rats, protein expression of CGRP, C-Fos and 
nNOS in TNC (Kruskal–Wallis test, χ2 = 36, P = 0.000; 
one-way ANOVA followed by LSD-t post hoc test, F = 

Figure 1 Rat MOH model establishment and evaluation. 
Notes: (A) Chronic paracetamol exposure for 30 days in the paracetamol-treated group significantly reduced (*P = 0.006) the hind paw withdrawal thresholds of rats. (B) 
Chronic paracetamol exposure significantly increased (P < 0.05) the number of CGRP immunoreactive neurons in TNC of rats. (C) Chronic paracetamol exposure 
significantly increased (P < 0.05) the number of C-Fos immunoreactive neurons in TNC. (D) Chronic paracetamol exposure significantly increased (*P = 0.000) the protein 
expression of CGRP and C-Fos in TNC. (E) Chronic paracetamol exposure significantly increased (P < 0.05) the number of 5-HT2AR immunoreactive neurons in TNC. (F) 
Chronic paracetamol exposure significantly increased (P < 0.05) the number of nNOS immunoreactive neurons in TNC. (G) Chronic paracetamol exposure significantly 
increased (*P = 0.000) the protein expression of 5-HT2AR and nNOS, while significantly reduced (*P = 0.000) phosphorylation of GSK-3β in TNC. (H) Chronic paracetamol 
exposure significantly increased (*P = 0.000) endogenous NO production in TNC. 
Abbreviations: MOH, medication-overuse headache; CGRP, calcitonin gene related peptide; TNC, trigeminal nucleus caudalis; 5-HT2AR, 5-hydroxytryptamine receptor 
2A; nNOS, neuronal nitric oxide synthase; GSK-3β, glycogen synthase kinase-3β.
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262.059, P = 0.000; one-way ANOVA followed by LSD-t 
post hoc test, F = 299.013, P = 0.000), and NO production 
in TNC (one-way ANOVA followed by LSD-t post hoc 
test, F = 47.691, P = 0.000), and increases in phosphor
ylation of GSK-3β in TNC (Kruskal–Wallis test, χ2 = 36, 
P = 0.000); whereas agonist DOI led to the opposite effect, 
namely, it caused increases in the tactile sensitivity of 
MOH rats (one-way ANOVA followed by LSD-t post 
hoc test, F = 15.738, P = 0.003), CGRP, C-Fos and 
nNOS immunoreactivity in TNC, protein expression of 
CGRP, C-Fos and nNOS in TNC (Kruskal–Wallis test, χ2 

= 36, P = 0.000; one-way ANOVA followed by LSD-t post 
hoc test, F = 262.059, P = 0.000; one-way ANOVA 
followed by LSD-t post hoc test, F = 299.013, P = 
0.000), and NO production in TNC (one-way ANOVA 
followed by LSD-t post hoc test, F = 47.691, P = 0.000), 
and decreases in phosphorylation of GSK-3β in TNC 
(Kruskal–Wallis test, χ2 = 36, P = 0.000; Figure 2). 
These data indicated that analgesic overuse could cause 
upregulation of 5-HT2AR, and consequently activated 
nNOS and dephosphorylated GSK-3β in MOH.

Involvement of GSK-3β in the Activation 
of nNOS by 5-HT2AR
GSK-3β antagonist LiCl treatment caused decreases in the 
tactile sensitivity of MOH rats (Kruskal–Wallis test, χ2 = 
16.667, P = 0.043), CGRP, C-Fos and nNOS immunor
eactivity in TNC of MOH rats, protein expression of 
CGRP, C-Fos and nNOS in TNC (one-way ANOVA fol
lowed by LSD-t post hoc test, F = 204.473, P = 0.000; 
one-way ANOVA followed by LSD-t post hoc test, F = 
149.728, P = 0.000; one-way ANOVA followed by LSD-t 
post hoc test, F = 237.166, P = 0.000), and NO production 
in TNC (Kruskal–Wallis test, χ2 = 20.667, P = 0.000), and 
increases in phosphorylation of GSK-3β in TNC (one-way 
ANOVA followed by LSD-t post hoc test, F = 286.353, 
P = 0.000); whereas agonist perifosine led to the opposite 
effect, namely, it caused increases in the tactile sensitivity 
of MOH rats (Kruskal–Wallis test, χ2 = 16.667, P = 0.003), 
CGRP, C-Fos and nNOS immunoreactivity in TNC, pro
tein expression of CGRP, C-Fos and nNOS in TNC (one- 
way ANOVA followed by LSD-t post hoc test, F = 
204.473, P = 0.000; one-way ANOVA followed by LSD- 
t post hoc test, F = 149.728, P = 0.000; one-way ANOVA 
followed by LSD-t post hoc test, F = 237.166, P = 0.000), 
and NO production in TNC (Kruskal–Wallis test, χ2 = 
20.667, P = 0.043), and decreases in phosphorylation of 

GSK-3β in TNC (one-way ANOVA followed by LSD-t 
post hoc test, F = 286.353, P = 0.000). However, the 
immunoreactivity and protein expression of 5-HT2AR in 
TNC was not affected by GSK-3β modulator in MOH 
(one-way ANOVA followed by LSD-t post hoc test, F = 
1.620, P = 0.089, P = 0.614; Figure 3). These data indi
cated that GSK-3β would be involved in the activation of 
nNOS by 5-HT2AR in MOH.

Discussion
Our study showed that chronic paracetamol exposure upre
gulated the expression of 5-HT2AR and thus activated 
nNOS in MOH, and GSK-3β participated in the activation 
of nNOS by 5-HT2AR.

There were two methods to set an animal model for 
pre-clinical MOH research. One was continuous sumatrip
tan infusion with Alzet osmotic mini-pumps (0.6mg/kg/ 
day, subcutaneously) for 7 days,12 and the other was daily 
infusion with paracetamol (200 mg/kg, intraperitoneally) 
for 30 days.19 The latter animal model treated with chronic 
paracetamol infusion was easy with a high success rate, 
thus we chose this method to set an animal model in the 
current study.

In this study, we found that the 5-HT2AR modulator regu
lated the activity of nNOS and GSK-3β in TNC of MOH rats, 
and drugs acting on GSK-3β affected the activity of nNOS, 
indicating that GSK-3β was implicated in MOH pathophysiol
ogy and could mediate the activation of nNOS by 5-HT2A 

R. GSK-3β is a multifunctional serine/threonine kinase ubi
quitously expressed in eukaryotes which is regulated by phos
phorylation on tyrosine/serine residues. GSK-3β is highly 
enriched in the brain and functions in the processes of neural 
development, neuron polarization, and neurodegeneration.21 

Previous studies showed that GSK-3β participated in nocicep
tive processing. GSK-3β activation contributed to remifenta
nil-induced postoperative hyperalgesia,22 while GSK-3β 
inhibition ameliorated remifentanil-induced postoperative 
hyperalgesia.23 Moreover, GSK-3β served as an important 
substrate of phosphoinositide 3-kinase (PI3K)/Akt signaling, 
which was also involved in the nociceptive processing. Akt 
was a key signaling molecule in sensory neurons and spinal 
cord after peripheral nerve injury,24 and the Akt signaling 
pathway was activated in neuropathic pain.25 The activation 
of Akt signaling pathway in the periphery contributed to pain 
behavior evoked by noxious stimulation.26 PI3K and PI3K/ 
Akt signaling pathway activation might be engaged in the 
development of neuropathic pain.27 Moreover, PI3K/Akt/ 
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GSK-3β signaling pathway may be activated in heat hyper
algesia and migraine.28,29

5-HT1 receptors and 5-HT2 receptors are involved and 
play opposing roles in regulating GSK-3β activity. 5-HT 
could inhibit GSK-3β by acting through 5-HT1 receptors, 
whereas activation of 5-HT2 receptors would result in 
GSK-3β activation.16 Moreover, Akt was involved in the 

regulation of GSK-3 by 5-HT receptors,30 and PI3K/Akt 
signaling mediated the effect of 5-HT1A receptors on 
GSK-3β phosphorylation.31 Phosphorylation of Akt/GSK- 
3β mediated the effect of NOS on myocardial cells,32 and 
drugs enhancing phosphorylation of Akt/GSK-3β/eNOS 
induced an increase in NO bioavailability.33 Predictably, 
PI3K/Akt may mediate the dephosphorylation of GSK-3β 

Figure 2 Activation of nNOS by 5-HT2AR in MOH. 
Notes: (A) 5-HT2AR antagonist ketanserin treatment significantly increased (#P = 0.021) the hind paw withdrawal thresholds of rats, while 5-HT2AR agonist DOI treatment 
significantly reduced (*P = 0.003) the hind paw withdrawal thresholds of rats. (B) Ketanserin treatment significantly reduced (P < 0.05) the number of CGRP immunoreactive 
neurons in TNC of rats, while DOI treatment significantly increased (P < 0.05) the number of CGRP immunoreactive neurons in TNC of rats. (C) Ketanserin treatment 
significantly reduced (P < 0.05) the number of C-Fos immunoreactive neurons in TNC, while DOI treatment significantly increased (P < 0.05) the number of C-Fos 
immunoreactive neurons in TNC. (D) Ketanserin treatment significantly reduced (P < 0.05) the number of nNOS immunoreactive neurons in TNC, while DOI treatment 
significantly increased (P < 0.05) the number of nNOS immunoreactive neurons in TNC. (E) Ketanserin treatment significantly reduced (#P = 0.000) the protein expression 
of CGRP, C-Fos, and nNOS, and significantly increased (#P = 0.000) phosphorylation of GSK-3β in TNC. Whereas DOI treatment significantly increased (*P = 0.000) the 
protein expression of CGRP, C-Fos, and nNOS, and significantly reduced (*P = 0.000) phosphorylation of GSK-3β in TNC. (F) Ketanserin treatment significantly reduced (#P 
= 0.000) endogenous NO production in TNC, while DOI treatment significantly increased (*P = 0.000) endogenous NO production in TNC. 
Abbreviations: MOH, medication-overuse headache; 5-HT2AR, 5-hydroxytryptamine receptor 2A; CGRP, calcitonin gene related peptide; TNC, trigeminal nucleus 
caudalis; nNOS, neuronal nitric oxide synthase; GSK-3β, glycogen synthase kinase-3β.
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by 5-HT2AR and subsequently could activate NOS, indu
cing latent sensitization and the development of MOH.

Triptans and analgesics are the most common drugs 
that lead to MOH.2 Previous studies showed that pro
longed exposure to sumatriptan produced enhanced excit
ability of neuronal NOS and subsequent activity of 
CGRP.12 And in our study, we found that chronic para
cetamol exposure led to the activation of neuronal NOS. 
Neuronal NOS may be the common signaling in the devel
opment of MOH caused by different medications. 
Enhancement of nitric oxide signaling could promote cen
tral sensitization, which could provide a mechanistic basis 
for the transformation of a primary headache to medication 
overuse headache.13

Being an animal study, our research suffered from sev
eral limitations. Firstly, the MOH animal model used in the 
study was established through chronic paracetamol admin
istration, while MOH patients in the clinical entity overused 
a variety of analgesics, including non-steroidal anti- 
inflammatory drugs, triptans, ergotamine, caffeine, and 

opium, etc. MOH attributed to different drugs may have 
diverse pathogenesis. MOH animal models established 
with various kinds of drugs should be evaluated at the 
same time in the future study. Secondly, paw threshold and 
periorbital threshold were reliable parameters for evaluation 
of tactile sensitivity, and periorbital threshold seemed like 
a more suitable parameter in the study of headache. We only 
tested the paw threshold in this study because we found that 
the paw threshold was more reliable and easier to detect in 
our preliminary study. Thirdly, the present study evaluated 
the role of GSK-3β in the activation of nNOS by 5-HT2A 

R solely via drugs acting on the enzymatic activity of GSK- 
3β. It would be more reasonable if the role of GSK-3β could 
be investigated in the gene-knockout animals at the same 
time. The role of GSK-3β signaling in MOH pathophysiol
ogy warrants further investigation.

Conclusion
The present findings suggest that GSK-3β may mediate the 
activation of nNOS by 5-HT2AR and underline the role of 

Figure 3 Involvement of GSK-3β in the activation of nNOS by 5-HT2AR. 
Notes: (A) GSK-3β antagonist LiCl treatment significantly increased (#P = 0.043) the hind paw withdrawal thresholds of rats, while GSK-3β agonist perifosine treatment 
significantly reduced (*P = 0.003) the hind paw withdrawal thresholds of rats. (B) LiCl treatment significantly reduced (P < 0.05) the number of CGRP immunoreactive 
neurons in TNC of rats, while perifosine treatment significantly increased (P < 0.05) the number of CGRP immunoreactive neurons in TNC of rats. (C) LiCl treatment 
significantly reduced (P < 0.05) the number of C-Fos immunoreactive neurons in TNC, while perifosine treatment significantly increased (P < 0.05) the number of C-Fos 
immunoreactive neurons in TNC. (D) LiCl or perifosine treatment did not affect the number of 5-HT2AR immunoreactive neurons in TNC (P > 0.05). (E) LiCl treatment 
significantly reduced (P < 0.05) the number of nNOS immunoreactive neurons in TNC, while perifosine treatment significantly increased (P < 0.05) the number of nNOS 
immunoreactive neurons in TNC. (F) LiCl treatment significantly reduced (#P = 0.000) the protein expression of CGRP, C-Fos, and nNOS, and significantly increased (#P = 
0.000) phosphorylation of GSK-3β in TNC. Whereas perifosine treatment significantly increased (*P = 0.000) the protein expression of CGRP, C-Fos, and nNOS, and 
significantly reduced (*P = 0.000) phosphorylation of GSK-3β in TNC. LiCl or perifosine treatment did not affect the protein expression of 5-HT2AR in TNC ($P = 0.089, &P 
= 0.614). (G) LiCl treatment significantly reduced (#P = 0.000) endogenous NO production in TNC, while perifosine treatment significantly increased (*P = 0.043) 
endogenous NO production in TNC. 
Abbreviations: GSK-3β, glycogen synthase kinase-3β; CGRP, calcitonin gene related peptide; TNC, trigeminal nucleus caudalis; nNOS, neuronal nitric oxide synthase; 5- 
HT2AR, 5-hydroxytryptamine receptor 2A.
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5-HT2AR in MOH pathophysiology. The drug with a high 
affinity for 5-HT2AR and selective antagonism of 5-HT2A 

R will be a perfect prophylactic treatment for migraine 
without the risk of developing MOH. The study will 
provide insight into the mechanisms of MOH and provide 
a new target for therapy.
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