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Abstract
Background/aim
Certain constituents in migraine food triggers and non-steroidal anti-inflammatory drugs (NSAIDs) inhibit sulfotransferases (SULTs) that detoxify drugs/chemicals and play role in the metabolism of neurotransmitters. We aimed to dissect SULT1A1 modulation of CSD susceptibility and behavior in an in vivo experimental model using hesperidin, a SULT1A1 inhibitor found in citrus fruits (known migraine triggers) and mefenamic acid (SULT1A1 inhibitor), an NSAID to simulate medication overuse.

Methods
Hesperidin was used as SULT1A1 inhibitor found in citrus fruits, known migraine triggers and mefenamic acid (NSAID), another SULT1A1 inhibitor, was used to induce MO in rats. The groups were; 1) Hesperidin (ip) or its vehicle-DMSO (ip) 2) Chronic (4 weeks) mefenamic acid (ip) or its vehicle (ip) 3) Chronic mefenamic acid+hesperidin (ip) or DMSO (ip). CSD susceptibility was evaluated and behavioral testing was performed. SULT1A1 enzyme activity was measured in brain samples.

Results
Single-dose of hesperidin neither changed CSD susceptibility nor resulted in any behavioral change. Chronic mefenamic acid exposure resulted in increased CSD susceptibility, mechanical-thermal hypersensitivity, increased head shake, grooming and freezing and decreased locomotion. Single dose hesperidin administration after chronic mefenamic acid exposure resulted in increased CSD susceptibility and mechanical-thermal hypersensitivity, increased freezing and decreased locomotion. SULT1A1 enzyme activity was lower in mefenamic acid and mefenamic acid+hesperidin groups compared to their vehicles.

Conclusion
Mefenamic acid and hesperidin have synergistic effect in modulating CSD susceptibility and pain behavior. Sulfotransferase inhibition may be the common mechanism by which food triggers and NSAIDs modulate migraine susceptibility. Further investigations regarding human provocation studies using hesperidin in migraine patients with medication overuse are needed.
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Introduction
Migraine is a neurovascular disorder with recurrent headache attacks and signs and symptoms of hypersensitivity to mutiple sensory stimuli accompanying these attacks. It is triggered by various factors in genetically susceptible individuals. Headache attacks are accompanied by nausea and vomiting and hypersensitivity to visual, auditory, olfactory and tactile stimuli. Medication overuse usually underlies the chronification of migraine and medication overuse headache affects approximately 1–2% of the population [1].
It is known that stress, noise, hunger, insomnia and various foods such as chocolate, citrus, coffee, tea and red wine trigger migraine. Although migraine food triggers are well defined, it is still not shown how they start a migraine attack. Some substances in these migraine triggers inhibit a group of enzymes known as sulfotransferases. Sulfotransferases are involved in detoxification of drugs, chemicals and metabolism of neurotransmitters. For example, quercetin and catechin in chocolate, hesperidin in orange and lemon, quinic and caffeic acids in coffee, epicatechin gallate in tea and red wine cause inhibition in SULT1A1 and SULT1A3 enzymes [2]. SULT1A enzymes are also involved in the metabolism of hormones and neurotransmitters such as catecholamines especially dopamine. Several previous studies have shown decreased sulfotransferase activities in platelets in migraine patients [3–6]. Littlewood et al. reported that sulfotransferase activity in platelets was lower in migraine patients who had a history of migraine attacks with migraine food triggers compared to non-dietary migraine and healthy controls [7]. Migraine triggers could initiate a migraine attack by inhibiting SULT1A enzymes, which have a role in deactivation of neurotransmitters, thus, inhibition of these enzymes would cause the levels of neurotransmitters such as cathecolamines including dopamine to fluctuate and may alter migraine susceptibility.
Non-steroidal anti-inflammatory drugs (NSAIDs) used in acute migraine attacks such as mefenamic acid, diflunisal, nimesulide, diclofenac, salicylic acid, ketoprofen, indomethacin, ibuprofen, ketorolac and naproxen have also been shown to inhibit SULT1A1 enzymes [8]. Medication overuse usually occurs in migraine patients. Medication overuse by inhibiting these enzymes could make the migraine patients more susceptible to triggers and triggers even in subthreshold amounts could result in chronic daily headache.
Cortical hyperexcitability has been shown in animal models of medication overuse headache (MOH). When cortical spreading depression (CSD) is induced with topical KCl 1 hour after acute paracetamol (200 mg/kg, intraperitoneal) administration, c-fos activation was reduced in the parietal cortex and trigeminal nucleus caudalis (TNC) but CSD frequency was not altered whereas, chronic paracetamol administration (200 mg/kg daily dose for 30 days, intraperitoneal) caused an increase in c-fos activation and CSD frequency [9]. CSD threshold was also shown to be reduced in another animal model of MOH where sumatriptan was administered by a subcutaneous pump for 6 days [10]. In another experimental study using functional magnetic resonance imaging in rats, after 7 days of sumatriptan administration with osmotic minipumps, bright light stress produced CSD-like responses in sumatriptan group but not in the control group [11]. Medication overuse may increase the sensitivity of migraine patients to triggers, worsen the headache attacks and increase the headache frequency and since both NSAIDs and migraine food triggers inhibit SULT1A enzymes, SULT1A inhibition may be one of the underlying mechanisms for the modulation of migraine susceptibility by such food items and NSAIDs.
We hypothesized that SULT1A inhibition was the common mechanism by which food triggers and NSAIDs modulate migraine susceptibility, in a way that to explain food triggers of migraine attacks and medication overuse (MO) headache. Since both NSAIDs and food triggers inhibit SULT1A enzymes, in migraine patients with medication overuse, SULT1A involvement would cause increased susceptibility to triggers by changing cortical excitability where subthreshold triggers would be enough to cause headache. SULT1A3 is only found in primates and humans but not in rodents and other lower order animals [12, 13]. Therefore, we aimed to dissect SULT1A1 modulation of CSD susceptibility and behavior in an in vivo experimental model using hesperidin, a SULT1A1 inhibitor found in citrus fruits (known migraine triggers) and mefenamic acid (SULT1A1 inhibitor), an NSAID to simulate medication overuse.
Materials and methods
Animals
Male Sprague Dawley rats weighing 285–507 g were used in all experiments and were housed in a climate controlled environment and a dark/light cycle of 12 h of daylight and 12 h of darkness with ad libitum access to food and water. Electrophysiological and behavioral studies were performed in separate groups of rats. All procedures were conducted in compliance with the National Institutes of Health (NIH) guidelines for use of laboratory animals and institutional guidelines for animal care and use for research purposes were strictly followed and the study was approved by institutional review board.
Experimental groups
Hesperidin 100 mg/kg was used as SULT1A1 inhibitor found in citrus fruits, known migraine triggers and mefenamic acid (NSAID) 20 mg/kg, another SULT1A1 inhibitor, was used to induce medication overuse. In chronically treated rats, body weight was monitored weekly throughout the treatment period. Animals were randomly assigned to experimental groups.
Cortical spreading depression studies
CSD susceptibility was assessed by measuring the electrical threshold for CSD and the CSD frequency during continuous topical application of KCl in the experimental groups below. Other CSD attributes such as propagation speed, amplitude and duration at half-maximal amplitude were also measured.	1)
Hesperidin 100 mg/kg (n = 16) or its vehicle-DMSO (n = 16) was administered intraperitoneally (ip) 30 min prior to CSD experiments.

 

	2)
Mefenamic acid 20 mg/kg/day (n = 12) or its vehicle-5% DMSO and sesame oil (n = 12) was administered (ip) chronically for 4 weeks and on day 28, CSD susceptibility was examined.

 

	3)
Mefenamic acid 20 mg/kg/day was administered (ip) for 4 weeks and on day 28, 30 min prior to CSD experiments, single dose hesperidin 100 mg/kg (n = 12) or its vehicle-DMSO (n = 12) was given intraperitoneally.

 




Behavioral studies
Behavioral tests were performed in a different set of experimental groups with intact skull.	1)
Hesperidin 100 mg/kg (n = 12) or its vehicle-DMSO (n = 12) was administered intraperitoneally (ip) 30 min prior to behavioral studies.

 

	2)
Mefenamic acid 20 mg/kg/day (n = 12) or its vehicle-5% DMSO and sesame oil (n = 12) was administered (ip) chronically for 4 weeks and on day 28, behavioral tests were performed.

 

	3)
Mefenamic acid 20 mg/kg/day was administered (ip) for 4 weeks and on day 28, hesperidin 100 mg/kg (n = 12) or its vehicle-DMSO (n = 12) was given (ip) 30 min prior to behavioral studies.

 




General surgical preparation
Rats were anesthetized with isoflurane, the femoral artery was cannulated and a tracheostomy tube was placed for mechanical ventilation (SAR-830; CWE, Ardmore, PA). Rectal core temperature was maintained at 37 °C with a heating pad. Continuous blood pressure monitoring was established via femoral artery catheter (ADInstruments, Ardmore, PA) and intermittent arterial pH, pCO2 and O2 were measured (Rapidlab 248 blood gas/pH analyzer; Siemens HealthCare, Eschborn, Germany) and maintained within physiological range by adjusting ventilation parameter settings.
Cortical spreading depression susceptibility testing 
Animals were placed on a stereotactic frame (Stoelting, Wood Dale, IL), craniotomies were drilled over the occipital (mm from bregma: 4.5 posterior, 2 lateral; diameter 2 mm), parietal (mm from bregma 1.5 posterior, 2 lateral,1 mm diameter), and frontal cortices (mm from bregma 1.5 anterior, 2 lateral; diameter 1 mm) under saline irrigation and dura was removed. Glass capillary microelectrodes (approximately 250 mm deep) were inserted and the cortex was allowed to rest for 15 min under saline. The electrocorticogram and direct current potentials were recorded and signals were amplified (EX1 differential amplifiers; Dagan Corporation, Minneapolis, MN) and recorded continuously (PowerLab; ADInstruments, Colorado Springs, CO).
Susceptibility to CSD was assessed by measuring the electrical threshold for CSD and the frequency of CSD during continuous topical KCl application [14, 15]. The electrical threshold for CSD was determined by direct stimulation of the cortex with a bipolar stimulation electrode (400 mm tip diameter, 1 mm tip separation; Frederick Haer Company, Bowdoin, ME) placed on the cortical pial surface and a stimulus isolator (WPI, Sarasota, FL). Single-square pulses of increasing duration and intensity (50–4000 mC) were applied at 5-min intervals until a CSD was triggered at the recording site. CSD frequency was analysed using a cotton ball (1.5–2 mm diameter) soaked with KCl (1 M) placed on the occipital cortex and the cotton ball was changed every 15 min and CSDs were continuously recorded for an hour. CSDs with an amplitude ≥5 mV were counted. Propagation speed, amplitude, and duration (at halfmaximal amplitude) of CSDs were also measured. Electrical thresholds and KCl induced CSD frequencies were measured in both hemispheres. Experimental set up is shown on Fig. 1.[image: ]
Fig. 1Experimental timeline to test the effect of hesperidin or its vehicle on electrical CSD threshold and CSD frequency. All symbols are defined on the right upper corner


Behavior
Behavioral tests were conducted at the same time period of the day. Spontaneous behavior such as grooming, freezing, immobility and head shakes was recorded for 10 min in plexiglass cages where rats were free to move. Elevated plus maze was used to assess anxiety like responses [16, 17]. The rats were placed at the center of the elevated plus maze set up facing the same closed arm and their spontaneous behavior was recorded for 5 min with the vide-camera sistem on the setup. Each animal was tested only once. The maze was cleaned with 70% alcohol after each animal. Duration spent in open and closed times and the number of open and closed arm entries are recorded.
Periorbital mechanical withdrawal thresholds were evaluated with von Frey filaments using ‘up and down method’ [18] starting with a force of 4 g. First, rats were allowed to accommodate to 40 cm high platforms and then von Frey filaments were applied to the periorbital region to assess mechanical withdrawal thresholds. Avoidance of rats from von Frey filament or ipsilateral head grooming was considered as a positive response.
Acetone evaporation test was performed to assess cold allodynia. One drop of acetone was applied to the periorbital region and the test was repeated 5 times with 5-min intervals. Grooming and avoidance within 1 min is considered as a positive response. Positive response was expressed as a percentage.
SULT 1A1 enzyme activity detection
At the end of the behavioral testing (2 h after the administration of hesperidin or its vehicle ip), the animals were sacrified by thiopental (50 mg/kg). Brains were harvested and rat brains were stored at − 80 °C. A spectrophotometric assay was used to study SULT1A1 enzyme activity where p-nitrophenyl sulfate was the sulfate donor and PAP was the sulfate acceptor molecule forming PAPS and p-nitrophenyl anion, which could be measured at 405 nm.
Homogenization
On the study day, the samples were taken from − 80 °C freezer and weighed one by one on a precision scale and the weights of the tissues were noted. For homogenization, tissue samples were diluted with homogenization buffer (%1.15 KCl, 1 mM EDTA ve 1 μg/mL protease inhibitor (aprotinin) containing 10 mM HEPES-NaOH, pH 7.4) in a ratio of 1/5. Brain tissues were homogenized in a mortar on ice. After homogenization, it was centrifuged at > 9000×g to obtain post-mitochondrial fraction in a refrigerated centrifuge. The supernatant obtained after centrifugation was placed in appropriate eppendorf tubes and stored at − 80 °C until the time of the analysis. On the analysis day, the eppendorf tubes were dissolved at + 4 °C.
Reagents
Assay buffer: 50 mM NaCl containing 25 MOPS buffer, pH 7.2, and 1 mM EDTA.
PAP reagent: 2 mM stock solution (8.6 mg/10 mL) in the assay buffer was prepared.
p-Nitrophenyl sulfate reagent: 2 mM (5.2 mg/10 mL) in the assay buffer was prepared.
Analysis and calculation
In a clean microplate or borosilicate tube, 50 μL of S10 (10,000×g supernatant for 20 min at 4 °C) or water, 25 μL of PAP reagent and 25 μL of p-nitrophenyl sulphate were pipetted and they were completed to 250 μL with assay buffer (150 μL). Reagents and samples were placed in 96 well plate. The formation of p-nitrophenyl anion was measured over 30 min at 405 nm at 10 min intervals with a plate reader. All absorbance values measured at 10 min intervals from t: 0 to t: 30 were recorded. According to Beer Lambert law, the activity of the solution with epsilon value was calculated according to the equation in Fig. 2. Epsilon value was taken as 15,000 M− 1 cm− 1 at 405 nm [19]. Obtained initial value was converted to IU (international unit = μmol/min) and other calculations were done based on it [20]. The specific enzyme activity was calculated with respect to the protein concentration (mg/mL).[image: ]
Fig. 2The absorbance of the solution with epsilon value was calculated using the equation above according to Beer Lambert law


The length of the solution in the equation was taken as the length of the well of the plate which was 0.5 cm. Calculation of enzyme activity was based on average absorbance values. Delta average absorbances and enzyme activities were calculated according to the equations below; [image: $$\mathrm{Delta}\ \mathrm{average}\ \mathrm{absorbance}=\left(\mathrm{A}\left(\mathrm{t}10-\mathrm{t}0\right)+\mathrm{A}\left(\mathrm{t}20-\mathrm{t}10\right)+\mathrm{A}\left(\mathrm{t}30-\mathrm{t}20\right)\right)/3\ \mathrm{where}\ \mathrm{A}\ \mathrm{is}\ \mathrm{absorbance}\ \mathrm{and}\ \mathrm{t}\ \mathrm{is}\ \mathrm{time}.$$]



[image: $$\mathrm{Enzyme}\ \mathrm{Activity}\left(\mathrm{IU}/\mathrm{L}\right)=\mathrm{Delta}\ \mathrm{Average}\ \mathrm{Absorbance}\ \left(10-0,20-10,30-20\ \min \right)\ \mathrm\times\ 2.1\times1{0}^4$$]




Study design and statistics
All experiments were performed and analyzed in a blinded fashion. A priori exclusion criteria were surgical failure and poor systemic physiology. None of the animals died or experienced severe complications during the CSD recordings. Data were presented as mean ± standard deviation or as bar graphs. Analyses were made by Prism 7 (GraphPad Software, Inc., CA, USA). Continuous variables were analyzed with Student t-tests, or 2-way analysis of variance for repeated measures and post-hoc multiple comparisons were carried out using Šidák’s multiple comparisons test. A P value of 0.05 was considered statistically significant.
Results
Systemic physiological parameters were within normal limits in all anesthetized rats and were not different between the groups (Table 1).Table 1Systemic physiology


	Experimental Groups
	Body weight (g)
	BP (mmHg)
	pH
	pCO2 (mmHg)
	pO2 (mmHg)

	Single dose DMSO
	378.6 ± 53.0
	98.0 ± 7.1
	7.42 ± 0.03
	34.0 ± 2.0
	151.6 ± 16.0

	Single dose hesperidin
	365.4 ± 62.0
	99.0 ± 10.0
	7.42 ± 0.03
	33.7 ± 2.5
	152.2 ± 13.8

	Chronic 5%DMSO+sesame oil
	459.0 ± 27.4
	98.2 ± 8.3
	7.45 ± 0.03
	34.5 ± 2.7
	154.6 ± 11.0

	Chronic mefenamic acid
	446.8 ± 24.8
	100.3 ± 14.7
	7.43 ± 0.02
	34.4 ± 2.3
	163.2 ± 7.8

	Chronic mefenamic acid + single dose DMSO
	434.2 ± 30.3
	97.0 ± 7.7
	7.42 ± 0.03
	34.1 ± 2.2
	147.0 ± 7.7

	Chronic mefenamic acid + single dose hesperidin
	424.3 ± 33.5
	90.0 ± 7.9
	7.43 ± 0.04
	33.4 ± 1.8
	156.8 ± 9.5




Effect of hesperidin, mefenamic acid and mefenamic acid+hesperidin on cortical spreading depression susceptibility
Hesperidin 100 mg/kg (ip) 30 min before testing did not alter CSD attributes compared to its vehicle DMSO. The cortical electrical stimulation thresholds, the frequency of repetitive CSDs triggered by 1 h continuous topical KCl application and propagation speed of CSD were similar between hesperidin and DMSO groups (p = 0.21, p = 0.22 and p = 0.16 respectively). Four week chronic mefenamic acid administration increased CSD susceptibility on day 28 compared to its vehicle 5% DMSO+sesame oil (Fig. 3). The electrical thresholds for CSD were significantly lower (p = 0.0033) and KCl induced CSD frequencies/hour and propagation speed of CSD were significantly higher (p = 0.0059 and p = 0.0218 respectively) in both hemispheres in rats receiving chronic mefenamic acid compared to its vehicle (Fig. 3). Four week chronic mefenamic acid administration and a single dose of hesperidin on day 28 resulted in increased CSD susceptibility compared to chronic mefenamic acid plus single dose DMSO group (Fig. 3). The electrical thresholds for CSD were significantly lower in the 2. hemisphere (p = 0.048) and KCl induced CSD frequencies and CSD speed were significantly higher (p = 0.04 and p = 0.0012 respectively) in both hemispheres in rats receiving chronic mefenamic acid plus a single dose of hesperidin on day 28 compared to chronic mefenamic acid plus DMSO group (Fig. 4). Hesperidin and mefenamic acid compared to their vehicles and chronic mefenamic acid plus a single dose of hesperidin compared to chronic mefenamic acid plus a single dose of DMSO had no effect on CSD amplitude (p = 0.18, p = 0.8 and p = 0.5 respectively) or duration  (p = 0.4, p = 0.4 and p = 0.17 respectively) (Table 2).[image: ]
Fig. 3Hesperidin 100 mg/kg (ip) 30 min before testing did not alter a) the cortical electrical stimulation thresholds, b) the frequency of CSDs triggered by 1 h continuous topical KCl application or c) CSD speed compared to its vehicle DMSO (p = 0.21, p = 0.22 and p = 0.16 respectively). Four week chronic mefenamic acid administration resulted in decreased d) electrical thresholds for CSD (p = 0.0033) and e) increased KCl induced CSD frequency and f) CSD speed (p = 0.0059 and p = 0.0218 respectively) compared to its vehicle 5% DMSO+sesame oil. A single dose of hesperidin further increased CSD susceptibility in chronically mefenamic acid treated rats compared to its vehicle DMSO. g) The electrical thresholds for CSD were significantly lower in the second hemisphere (p = 0.048) and h) CSD frequencies and i) CSD speed were significantly higher (p = 0.04 and p = 0.0012 respectively) in both hemispheres in chronically mefenamic acid treated rats that received a single dose of hesperidin on day 28 compared to its vehicle DMSO. Vertical axis of CSD threshold is in log scale. *p < 0.05 vs. controls

[image: ]
Fig. 4Representative intracortical microelectrode recordings provided from chronic mefenamic acid admistrated rats followed by a) a single dose of DMSO or b) a single dose of hesperidin on day 28

Table 2Amplitude and duration of the first CSD detected at the posterior electrode


	Experimental group
	Hemisphere
	Duration (sec)
	Amplitude (mV)

	DMSO
	1st
	29.4 ± 7.1 
	21.3 ± 7.8 

	2nd
	22.8 ± 4.2
	22.7 ± 4.9

	Hesperidin
	1st
	27.1 ± 10.4
	24.3 ± 3.2

	2nd
	22.5 ± 5.0
	18.5 ± 7.7

	5% DMSO+sesame oil
	1st
	25.0 ± 6.4 
	24.3 ± 4.4 

	2nd
	22.9 ± 4.4
	21.5 ± 6.5

	Mefenamic acid
	1st
	24.7 ± 3.1
	25.8 ± 3.8

	2nd
	25.4 ± 5.3
	20.6 ± 7.3

	Mefenamic acid+DMSO
	1st
	24.0 ± 5.8 
	24.1 ± 4.7 

	2nd
	25.3 ± 5.0
	22.3 ± 7.0

	Mefenamic acid+hesperidin
	1st
	27.3 ± 8.2
	25.1 ± 2.1

	2nd
	28.1 ± 6.0
	23.7 ± 3.9




Effect of hesperidin, mefenamic acid and mefenamic acid+hesperidin on behavior
Hesperidin alone did not result in any significant behavioral change. There was no statistically significant difference between hesperidin and DMSO groups according to the durations of grooming (p = 0.6), freezing (p = 0.22) and immobility (p = 0.146), mechanical withdrawal thresholds (p = 0.34) and the percent positive response to acetone (p = 0.34) (Fig. 5). In elevated plus maze test, duration spent in open and closed arms (p = 0.99 and p = 0.99, respectively) and the number of open and closed arm entries were not statistically different between hesperidin and DMSO groups (p = 0.88 and p = 0.6, respectively). The mechanical withdrawal thresholds were significantly lower (p = 0.038) and the percent positive responses to acetone were significantly higher (p = 0.007) in chronic mefenamic acid group compared to its vehicle (5% DMSO+sesame oil) (Fig. 5). Grooming duration, number of head shakes and duration of freezing and duration of immobility were significantly higher in the chronic mefenamic acid group compared to its vehicle (p = 0.001, p = 0.01, p = 0.018, p = 0.01, respectively) (Fig. 6). Duration spent in open arms was significantly lower (p = 0.003) and duration spent in closed arms was significantly higher (p = 0.003) and number of open arm entries were significantly lower (p = 0.006) in the elevated plus maze test in the chronic mefenamic acid group compared to its vehicle (Fig. 7). Number of closed arm entries were similar (p = 0.12) between chronic mefenamic acid and 5%DMSO+sesame oil groups (Fig. 7). The mechanical withdrawal thresholds were significantly lower (p = 0.047) and the percent positive responses to acetone were significantly higher (p = 0.046) in chronic mefenamic acid plus hesperidin group compared to chronic mefenamic acid plus DMSO group (Fig. 5). Duration of freezing (p = 0.048) and duration of immobility (p = 0.03) were significantly higher in chronic mefenamic acid plus hesperidin group while grooming duration and number of head shakes were similar (Fig. 6) between the two groups (p = 0.113, p = 0.17, respectively). In elevated plus maze test, duration spent in open and closed arms and the number of open and closed arm entries were similar (Fig. 7) between chronic mefenamic acid plus hesperidin and chronic mefenamic acid plus DMSO groups (p = 0.23, p = 0.32, p = 0.84, p = 0.37 respectively).[image: ]
Fig. 5No statistically significant difference was found between hesperidin and DMSO groups regarding a) the mechanical withdrawal thresholds (p = 0.34) and b) the percent positive response to acetone (p = 0.34). c) The mechanical withdrawal thresholds were lower (p = 0.038) and d) the percent positive responses to acetone were higher (p = 0.007) in chronic mefenamic acid group compared to its vehicle (5% DMSO+sesame oil). e) The mechanical withdrawal thresholds were lower (p = 0.047) and f) the percent positive responses to acetone were higher (p = 0.046) in chronic mefenamic acid plus hesperidin group compared to chronic mefenamic acid plus DMSO group. *p < 0.05 vs. controls

[image: ]
Fig. 6No statistically significant difference was found between hesperidin and DMSO groups regarding the a) duration of grooming (p = 0.6) b) the number of head shakes (p = 0.82). c) duration of freezing (p = 0.22) and d) duration of immobility (p = 0.146). e) Grooming duration, f) number of head shakes g) duration of freezing, and h) duration of immobility were higher in the chronic mefenamic acid group compared to its vehicle (p = 0.001, p = 0.01, p = 0.018 and p = 0.01 respectively). i) Grooming duration and j) number of head shakes were similar between the chronic mefenamic acid plus hesperidin and chronic mefenamic acid plus DMSO groups (p = 0.113, p = 0.17, respectively) while k) duration of freezing (p = 0.048) and l) duration of immobility (p = 0.03) were higher in chronic mefenamic acid plus hesperidin group. *p < 0.05 vs. controls

[image: ]
Fig. 7In elevated plus maze test, a) duration spent in open and b) closed arms (p = 0.99 and p = 0.99, respectively) and c) the number of open and d) closed arm entries were similar between hesperidin and DMSO groups (p = 0.88 and p = 0.6, respectively). e) Duration spent in open arms was lower (p = 0.003) and f) duration spent in closed arms was higher (p = 0.003) and g) number of open arm entries were lower (p = 0.006) and h) number of closed arm entries were similar (p = 0.12) in the elevated plus maze test in the chronic mefenamic acid group compared to its vehicle. i) Duration spent in open and j) closed arms and k) the number of open and l) closed arm entries were comparable between chronic mefenamic acid plus hesperidin and chronic mefenamic acid plus DMSO groups (p = 0.23, p = 0.32, p = 0.84, p = 0.37 respectively). *p < 0.05 vs. controls


Brain SULT1A1 enzyme activity levels
Brain SULT1A1 enzyme activities were not significantly different between DMSO and hesperidin groups (p = 0.1) while SULT1A1 enzyme activity was significantly lower in chronic mefenamic acid group compared to its vehicle (p = 0.044) and it was also significantly lower in chronic mefenamic acid plus hesperidin group (Fig. 8) compared to chronic mefenamic acid plus DMSO group (p = 0.048).[image: ]
Fig. 8a) Brain SULT1A1 enzyme activities were comparable between DMSO and hesperidin groups (p = 0.1) while b) SULT1A1 enzyme activity was lower in chronic mefenamic acid group compared to its vehicle (p = 0.044) and c) it was also lower in chronic mefenamic acid plus hesperidin group compared to chronic mefenamic acid plus DMSO group (p = 0.048). *p < 0.05 vs. controls


Discussion
We showed for the first time that mefenamic acid and hesperidin had a synergistic effect in modulating CSD susceptibility and pain behavior via SULT1A1 inhibition. Four week exposure to mefenamic acid resulted in increased CSD susceptibility, mechanical and thermal hypersensitivity, increased head shake, grooming and freezing time and decreased locomotion revealing central sensitization and pain-like behavior consistent with medication-overuse headache. Single dose hesperidin administration after 4-week exposure to mefenamic acid resulted in a synergistic effect on CSD modulation and pain behavior and caused further increase in CSD susceptibility and mechanical and thermal hypersensitivity and decreased locomotion and increased freezing while hesperidin alone neither changed CSD susceptibility nor resulted in any behavioral change.
Enhanced CSD susceptibility and cortical hyperexcitability may explain the mechanism by which medication overuse causes clinical worsening of headache frequency and severity in migraine patients with medication overuse headache. Even though chronic administration of acute migraine abortive treatments such as triptans and acetaminophen has been shown to enhance cortical excitability, affect CSD threshold and frequency and facilitate the trigeminal nociceptive process in animal studies, there is no preclinical study on the impact of chronic NSAID exposure on CSD susceptibility. After 30-day administration of acetaminophen, increased CSD frequency and CSD-evoked expression of Fos in trigeminal nucleus caudalis were shown in rats, indicating a facilitation of trigeminal nociception [9]. In another study, 6 day exposure to sumatriptan markedly reduced the electrical threshold required to elicit CSD and bright stress induced behavioral withdrawal thresholds [10]. Furthermore, 6 day sumatriptan exposure increased CSD-induced Fos expression in the TNC consistent with heightened activation of the trigeminal pathway [10]. Similarly, we showed that chronic mefenamic acid exposure decreased the electrical stimulation threshold to generate CSD and increased KCl induced CSD frequency. Chronic mefenamic acid exposure resulted in pain-like behaviors such as increased head shake, grooming, freezing and decreased locomotion. Moreover, chronic mefenamic acid administration led to decreased mechanical withdrawal thresholds and increased sensitivity to acetone in the periorbital region consistent with facilitation of the trigeminal nociceptive process shown in previous studies of medication overuse models. Freezing behavior has been shown to be a behavioral marker for head pain in animal models of migraine [21–24]. Increased grooming is also associated with increased discomfort and nociception [22, 25, 26]. Head shakes have been shown to be significantly increased by CSDs [22]. Mechanical allodynia has been reported in different studies using nitroglycerin-induced model of migraine [27, 28]. The acetone evaporation test assesses cold allodynia and increased acetone sensitivities in the forehead and facial region were shown in animal models of chronic migraine [29, 30]. An increase in sensitivity of trigeminal afferents (peripheral sensitization) and central trigeminal neurons (central sensitization) have pivotal roles in chronic migraine and medication overuse headache and involve inflammatory mediators. In medication overuse animal models, upregulation of vasoactive and inflammatory mediators such as calcitonin gene–related peptide (CGRP), substance P, and nitric oxide synthase have been shown in the trigeminal ganglia [31, 32]. The peripheral sensitization underlies cutaneous allodynia observed in migraine and animal studies revealed a similar effect of chronic analgesic use on trigeminal afferents. Repeated or continuous administration of triptans resulted in tactile allodynia as shown by decreased periorbital and hind paw thresholds in rats and increased the number of CGRP positive neurons in the trigeminal ganglia [33]. Similarly, in our study, chronic mefenamic acid administration resulted in reduced periorbital mechanical withdrawal thresholds consistent with mechanical allodynia and increased acetone sensitivity showing cold allodynia.
Analgesic overuse is known to deteriorate headache in patients with migraine. Cortical hyperexcitability, central and peripheral sensitization caused by medication overuse as shown in animal studies may lead to increased sensitivity to triggers. Acute migraine attacks are often treated with NSAIDs and excessive use of these medications may lead to medication overuse headache that may cause increased sensitivity and responsiveness to triggers resulting in increased frequency of migraine attacks. Since both NSAIDs and food triggers inhibit SULT1A enzymes, in migraine patients with medication overuse, SULT1A involvement may cause increased susceptibility to triggers by changing cortical excitability where subthreshold triggers would be enough to cause headache. Hesperidin, a SULT inhibitor found in citrus fruits, which are known migraine triggers, alone neither changed CSD susceptibility nor resulted in any behavioral change. However, hesperidin after chronic mefenamic acid exposure further decreased electrical threshold for CSD and increased the frequency and speed of CSD. Additionally hesperidin enhanced pain-like behavior in chronic mefenamic acid treated rats. Hesperidin further decreased the periorbital mechanical withdrawal thresholds and increased acetone sensitivity in rats that received chronic mefenamic acid suggesting a more pronounced increase in cortical and trigeminal excitability. Mefenamic acid and hesperidin have a synergistic effect in modulating CSD susceptibility and pain behavior. SULT1A1 inhibition may be the common mechanism by which food triggers and NSAIDs modulate CSD and migraine susceptibility.
Anxiety-like behavior has been shown in headache animal models. In a chronic migraine animal model, the percentage of open arm entries was significantly lower in chronic migraine group compared to controls which supported increased anxiety-like behavior [34]. Similarly, in our study, in rats receiving chronic mefenamic acid, the decrease in the number of open arm entries, the shortening of the duration spent in open arm and the prolongation of duration spent in the closed arm were observed indicating increased anxiety-like behavior. In a previous study, chronic exposure to analgesics was found to increase the excitability of neurons in amygdala [35], which may underly the anxiety-like behavior we observed in chronic mefenamic acid group.
Migraine triggers and NSAIDs may modulate migraine susceptibility by inhibiting sulfotransferase enzymes. Migraine is known to be provoked by some food items such as chocolate, citrus fruits, wine and cheese. Flavonoids are found in these migraine food triggers and they inhibit SULT1A enzymes. Flavonoids function as pro-oxidants when they are in high concentrations or oxidated by intracellular enzymes such as myeloperoxidase or when they come in contact with iron and copper. Repeated migraine attacks were shown to be related to iron deposition in putamen, globus pallidus, red nucleus and periaqueductal gray matter. Nitrogylcerin, a migraine trigger, was shown to impair cellular iron trafficking and increase CGRP receptors in meningeal cells [36]. In the presence of free iron in brain not sequestered in ferritin or by microglia, flavonoids may act as pro-oxidants locally [37]. SULT1A1 values were shown to be lower in dietary migraine subjects compared to non-dietary migraine group and healthy controls [7, 38]. Reduced SULT1A1 enzyme activity was shown in migraineurs compared to tension-type headache patients and healthy control subjects [3, 5]. The inhibition of sulfotransferase enzymes by phenolic flavonoids could also result in buildup of free phenols in the circulation, which may be toxic in several ways and less detoxification of migraine-precipitating substances in diet and fluctuations in neurotransmitters such as cathecolamines, especially dopamine.
SULTs in the gastrointestinal tract and in the brain eliminate cathecolamines by sulfonation and prevents excess entry of catecholamines to systemic circulation and modulates their brain levels. Inhibition of these enzymes would alter the levels of these neurotransmitters and may facilitate migraine headache attacks. Dopamine is thought to play a role in migraine headache [39]. Dopamine receptor hypersensitivity has been shown in patients with migraine [40–43]. Intense yawning, craving and altered sensory perception during the initial phase of the migraine attack are some of the clinical evidence of dopamine involvement in migraine attacks [43]. D2 receptor blockade prevents the prodromal symptoms [39]. The efficacy of D2 antagonists in the acute treatment of migraine is supported by both clinical and preclinical studies [44–46]. Platelet [47] and plasma levels of dopamine [48, 49] and dopamine metabolite levels in cerebrospinal fluid were higher in migraine patients compared to healthy controls [47] suggesting an abnormal metabolism of dopamine in migraine [50]. Unbalanced levels of dopamine and noradrenaline in the pain matrix may be associated with the activation of the trigeminal system leading to a migraine attack [51]. The relationship between dopamine levels and SULT1A1 inhibition, CSD and migraine susceptibility remains to be established.
We showed for the first time that low SULT1A1 enzyme activity is associated with enhanced CSD susceptibility and pain like behavior in rats. In a medication overuse rat model with chronic mefenamic acid exposure, we found lower brain SULT1A1 enzyme activity levels. Moreover, this is the first study to investigate the impact of chronic NSAID exposure on CSD susceptibility and pain behavior. A common clinical problem in migraine patients with medication overuse is the clinical deterioration with increased frequency and severity of headache and acute exacerbations probably induced even with subtreshold triggers. SULT1A1 inhibition could be one of the underlying mechanisms of this clinical deterioration that is seen commonly in migraine patients with medication overuse. Further increase in CSD susceptibility with hesperidin after chronic mefenamic acid exposure may explain the increased sensitivity and responsiveness to triggers resulting in increased frequency of migraine attacks in patients with medication overuse. These results should be confirmed in humans by provoking migraine attacks with hesperidin in migraine patients with medication overuse.
Conclusion
Chronic analgesic use lowers the threshold for CSD and renders the brain more susceptible to the effects of migraine triggers. Triggers that cannot initiate a migraine attack alone may be able to initiate an attack when the brain is more susceptible due to chronic analgesic use. Hesperidin further reduced CSD thresholds, increased CSD frequencies, decreased mechanical withdrawal thresholds and increased percent positive responses to acetone and increased immobility and freezing time when administered to chronically mefenamic acid treated rats. SULT1A1 inhibition as a common mechanism by which medication overuse and migraine triggers modulate migraine susceptibility, possibly can help us gain insight into mechanisms relevant to migraine pathophysiology. Therefore, they may provide a new potential target and direction in the treatment.
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