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Abstract

Objective To evaluate the analgesic and anti-migraine activities of senkyunolide T from
Ligusticum chuanxiong.

Methods Mice were orally administered various doses of senkyunolide I, and their pain
levels were assessed in a hot-plate test and by application of acetic acid. The levels of
5-hydroxytryptamine (5-HT), 5-hydroxytryptophan (5-HTP), 5-hydroxyindoleacetic acid
(5-HIAA), norepinephrine (NE) and dopamine (DA) in plasma and brain were assessed,
and the monoamine turnover rates (5-HT/5-HTP, 5-HIAA/5-HT and NE/DA) were also
calculated.

Results Mice given senkyunolide I at 16 and 32 mg/kg had significantly elevated pain
thresholds in the hot-plate test, and a dose of 32 mg/kg also reduced the number of abdomi-
nal writhing responses caused by acetic acid. Significant improvements were observed in the
neurotransmitter levels of the drug-treated rats compared with the saline-administered con-
trols. Compared to the rats with nitroglycerin-induced migraines, the levels of nitric oxide in
the plasma and whole brain of rats given senkyunolide I were lower.

Conclusions The present study suggests that senkyunolide I may be an active component
of L. chuanxiong, traditionally used to treat migraine. The mechanism of pain relief in
migraine model rats may be through adjusting the levels of monoamine neurotransmitters
and their turnover rates, as well as decreasing nitric oxide levels in the blood and brain.
Therefore, senkyunolide I may be developed as a potential treatment for migraine pain.
Keywords acetic-acid-induced writhing test; hot-plate test; migraine; monoamine neu-
rotransmitters; nitric oxide; senkyunolide I

Introduction

The rhizome of Ligusticum chuanxiong Hort (chuanxiong) is a well-known traditional
Chinese medicine that has been used for thousands of years for its hemodynamic and
analgesic effects. It is commonly used for the treatment of migraine and various cardiovas-
cular diseases. Some studies have shown that the ethanol extract of chuanxiong (CXE) has
significant anti-migraine activity, and ligustilide may be the active component, but this is still
uncertain and would require more study to confirm.'"! However, ligustilide is very thermo-
labile and photo-unstable, restricting research and further use.”

Our previous study demonstrated that senkyunolide I (Figure 1) is one of main migration
components found in both rat plasma and cerebrospinal fluid after the normal and migraine
model rats were orally administered with CXE."™ This implies that senkyunolide I may be an
active component in chuanxiong’s traditional use in the treatment of migraines. Senkyuno-
lide I is a lactone compound with the same nuclear structure as that of ligustilide, and some
studies have shown that it may be a degradation product of ligustrazine in vitro and in
vivo.PS Although senkyunolide I may be an important component of chuanxiong, only one
study has been carried out to show that it can reduce the damage of red blood cells caused
by Con A."! Therefore, it would be of great interest to investigate the pharmacology of
senkyunolide I for its potential therapeutic benefits in pain management. Our present
investigation was therefore designed to evaluate the analgesic and anti-migraine activities of
senkyunolide I in vivo using classic animal models.
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Figure 1 Chemical structure of senkyunolide I.

Materials and Methods

Plant material and chemicals

Slices of chuanxiong (no. 2007-12-15) were purchased from
Shanghai Kanggiao Medicinal Materials Electuary Company
(Shanghai, China) and identified as Ligusticum chuanxiong
Hort. by Professor Zhi-Li Zhao of the Shanghai University of
Traditional Chinese Medicine (Shanghai, China). Senkyuno-
lide I (purity: 96.2%) was prepared by chromatography and
identified by comparing the physical and spectroscopic data
with those in the literature.” Dopamine (DA), norepinephrine
(NE), 5-hydroxytryptophan (5-HTP), 5-hydroxytryptamine
(5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) were pur-
chased from Sigma-Aldrich Company (St Louis, MO, USA).
Bucinnazine hydrochloride tablets (no. 160901) were pur-
chased from Shenyang First Pharmaceutical Company Ltd
(Liaoning, China) and diluted to a concentration of 2.3 mg/ml
with physiological saline for administration. Ergotamine caf-
feine tablets (no. 070401) were purchased from Shanghai
Xingyi Pharmaceutical Company Ltd (Shanghai, China) and
diluted in physiological saline (ergotamine 1.23 mg/ml, caf-
feine 123 mg/ml). Nitroglycerin injections (no. 20080122)
were purchased from Beijing Yimin Pharmaceutical Company
Ltd (Beijing, China). Nitric oxide (NO) detection kits (nitrate
reductase, no. 20080420) and protein quantification kits (Coo-
massie Brilliant Blue G250, no. 20080420) were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Other reagents were purchased from Sinopharm
Chemical Reagent Company Ltd (Shanghai, China).

Animals

Kunming mice (female, 18-22 g, certificate no. 2007-0005)
and Sprague-Dawley rats (both, 230-270 g, certificate no.
2008-0016) were purchased from the Laboratory Animal
Center of Shanghai University of Traditional Chinese Medi-
cine (Shanghai, China). The animals were housed in standard
laboratory conditions (at a temperature of 20 £ 1°C and a
12 h light/dark cycle) with food and water available. All
animal treatment protocols were strictly in accordance with
the International Ethical Guidelines and the National Institute
of Health Guide Concerning the Care and Use of Laboratory
Animals, as well as with those of the Experimental Animal
Administration of the university.

Hot-plate test!®'

The hot-plate test was carried out with Kunming mice and
was performed at 55.0°C (ranging from 54.5 to 55.5°C) using
a Model 501 Thermostatic Bath (Shanghai Laboratory Instru-
ment Works Company Ltd, Shanghai, China). Mice were pre-
adapted to the testing apparatus by putting each animal in a
plastic box on the cold plate for 1-2 min on the day before
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testing. On the day of testing, mice were placed on the heated
smooth surface, and the latency to licking, shaking of the
limbs or jumping was measured. In the first session, there was
a selection of appropriate subject mice. The mice were tested
twice on each of the 2 days prior to the experiment, and this
calculated mean pain threshold of each mouse was considered
their basic pain threshold level. Mice that had a basic pain
threshold lower than 5 s or higher than 30 s were excluded.
The mice were then randomly divided into five groups to
receive p.o. saline, bucinnazine hydrochloride (23 mg/kg) or
senkyunolide I (8 mg/kg, 16 mg/kg or 32 mg/kg). The hot-
plate tests were performed on mice individually at 20, 120,
180, 240 and 360 min after drug administration by the method
described above. If no response occurred within 60 s, the mice
were removed from the hot-plate to avoid tissue injury.

Acetic-acid-induced writhing test®'"

The acetic-acid-induced writhing tests were performed with
Kunming mice. The mice were divided into five groups to
receive p.o. saline, bucinnazine hydrochloride (23 mg/kg) or
senkyunolide I (8 mg/kg, 16 mg/kg or 32 mg/kg). Acetic acid
(0.9%) was injected intraperitoneally at a dose of 10 ml/kg,
240 min after drug administration. The number of abdominal
writhing responses was immediately recorded for a period of
15 min. The typical abdominal writhing response manifested
as extension of the hind limb, contraction of the abdomen and
raising of the croup.

Nitroglycerin-induced headaches in rats

Sprague-Dawley rats were chosen for the nitroglycerin-
induced migraine model, and ergotamine caffeine (tablets)
was the reference drug. According to the method reported by
Read et al.,"" nitroglycerin was injected subcutaneously for a
period of 30 min before treatment to establish the animal
model of migraine. Rats were divided into five groups to
receive p.o. saline, ergotamine caffeine (1.23 mg/kg) or sen-
kyunolide I (72 mg/kg, 36 mg/kg, 18 mg/kg). Four hours
later, 10 rats in each group were anaesthetized with pentobar-
bital sodium (1%) given intraperitoneally at the dose of
40 mg/kg. Subsequently, the animals were immobilized dor-
sally, the abdominal cavity was surgically exposed and the
blood was collected from the aorta abdominalis. The brain
tissue was excised, rinsed with cold saline, immediately
frozen in liquid nitrogen and then stored at —80°C until analy-
sed for neurotransmitter concentrations.!"?

Assessment of monoamine
neurotransmitter levels!'

Blood samples were centrifuged at 4000 rpm for 10 min, and
plasma samples were harvested. Each plasma sample (100 ul)
was mixed with 10 yl of 12 M perchloric acid, vortexed and
centrifuged at 5000 rpm for 10 min. The supernatant (20 ul)
was then analysed by high-performance liquid chromatogra-
phy (HPLC).

The frozen brain tissues were homogenized in 500 ul of
0.4 M perchloric acid and centrifuged at 10 000 rpm at 4°C for
15 min. The supernatants were centrifuged at 10 000 rpm at
4°C again for 10 min, and 20 ul of the supernatant was sub-
jected to HPLC analysis.
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Table 1 Effect of senkyunolide I on heat-stimulated pain thresholds of mice

Groups Dose (mg/kg) 0 min (s) 20 min (s) 120 min (s) 180 min (s) 240 min (s) 360 min (s)
Control - 19.7 £33 20.8 = 5.8 237 2.7 21.2 + 6.6 233 +49 21.3 £6.0
Bucinnazine hydrochloride 23 203 £ 4.0 247 £ 6.0 33.7 £5.1% 29.7 5.7 33.0 £ 7.6% 21.5 6.8
Senkyunolide I 32 212 £5.1 28.0 = 7.0* 33.5 £ 10.0 32.0 £ 7.3% 35.5 £ 7.3% 253 %52
Senkyunolide I 16 20.1 £4.1 19.5 2.1 343 £ 8.0 30.3 £ 122 292 £ 11.8 28.5 £ 6.9%
Senkyunolide I 8 19.1 £22 171 =19 19.7 =48 223438 212 %35 17.0 = 4.1

Values are mean * S.D. (n = 6). Full-size table. *P < 0.05 vs control.

The contents of 5-HT, 5-HIAA, 5-HTP, DA and NE were
measured using HPLC with fluorescence detection on an
LC-20AB HPLC system (Shimadzu Corporation, Kyoto,
Japan) with a Kromasil C;g analytical column (4.6 X 250 mm,
5 um, Eka, Bohus, Sweden). A 20 ul volume of sample was
injected. The mobile phase, 90% of 0.1 M acetate buffer
(pH 5.1) and 10% methanol, was pumped through the system
at a flow rate of 1.0 ml/min, and the column temperature was
kept at 25°C. The fluorescence detector was set at 290 nm for
excitation and 330 nm for emission. Data acquisition was
performed using an LC-Solution workstation (Shimadzu).

Nitric oxide detection

Blood samples were centrifuged at 4000 rpm for 10 min, and
plasma samples were harvested. Brain tissues were homog-
enized on ice in 10 volumes of saline and centrifuged at
3000 rpm at 4°C for 15 min. Using assay kits and following
the manufacturer’s instructions, proteins and NO in the
plasma samples and supernatants of the processed brain
tissues were measured and expressed as pumol/l and pmol
g/prot, respectively.

Statistical analysis

All statistical procedures were performed by using the SPSS
statistical package (version 13.0, SPSS Inc., Chicago, IL,
USA). All data analyses were performed by one-way analysis
of variance for multiple comparisons. P < 0.05 was consid-
ered statistically significant, and data are presented as
mean * SD.

Results

Effect of senkyunolide | on pain thresholds

The results of the hot-plate test for pain threshold are shown in
Table 1. Senkyunolide I at a dose of 32 mg/kg raised the pain
threshold significantly compared to the control group at
20 min and remained high until 240 min post treatment. The
16 mg/kg dose also tended to raise the pain threshold,
although not significantly until 360 min post treatment.

Additionally, we found that, compared with the control
group, a dose of 32 mg/kg senkyunolide I significantly
reduced the number of writhing responses induced in mice by
acetic acid (Table 2). These results suggest that senkyunolide
I effectively enhances tolerance to pain in mice.

Effect of senkyunolide | on levels of plasma
monoamines and turnover rates in migraine
model rats

As shown in Table 3, the levels of 5-HT, 5-HTP and 5-HIAA
in the plasma of the nitroglycerin-induced migraine model

Table 2 Effect of senkyunolide I on acetic-acid-induced writhing
responses in mice

Groups Dose (mg/kg) Number of writhing
responses (15 min)
Control - 300 =79
Bucinnazine hydrochloride 23 16.8 = 4.2%*
Senkyunolide I 32 18.8 = 4.4%*
Senkyunolide I 16 30577
Senkyunolide I 8 33.7 =104

Values are mean £ S.D. (n=6). *P < 0.05 vs control.

rats were lower, although not significantly so, than those in the
untreated control group. The administration of senkyunolide I
to the migraine model rats at 72 and 18 mg/kg returned the
plasma 5-HT levels to near those of the untreated control
mice, which was significantly different to the levels in the
model rats not given analgesics. Meanwhile, senkyunolide I at
36 mg/kg significantly increased plasma 5-HTP levels com-
pared to the migraine model rats.

The metabolic turnover rate of 5-HTP (5-HT/5-HTP) in the
plasma of the migraine model rats was lower, although not
significantly so, than that of the control group. However, the
turnover rate of 5-HT (5-HIAA/5-HT) was significantly
(P <0.05) higher than that of the control group. The admin-
istration of senkyunolide I at all three doses tested returned
levels of plasma 5-HTP and 5-HT turnover rates close to those
of the controls.

Effect of senkyunolide | on brain monoamines
and their turnover rates

The levels of monoamine neurotransmitters and their metabo-
lites in brain tissue are shown in Table 4. The levels of 5-HT
and NE in the brain tissue of the migraine model rats were
higher than those in the control group. The DA, 5-HTP and
5-HIAA levels in the brain tissue of the migraine model rats
were lower than those of the normal rats. Administration of
senkyunolide I at all three doses generally returned levels of
brain tissue 5-HT, NE, DA, 5-HTP and 5-HIAA close to those
of the controls. However, despite the trends in these observa-
tions, there were no statistically significant differences among
the groups.

The metabolic turnover rates of the monoamines in the
brain tissue are also given in Table 4. The metabolic turnover
rates of DA (NE/DA) in the brain tissue of the migraine model
rats were lower than that of the control group. The turnover
rates of 5-HTP (5-HT/5-HTP) and 5-HT (5-HIAA/5-HT)
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Table 3 Effect of senkyunolide I on the levels of plasma monoamine neurotransmitters and the turnover rates in migraine model rats

Groups Dose (mg/kg) Monoamine Monoamine turnover rates
neurotransmitters (ng/ml)

5-HT 5-HTP 5-HIAA 5-HT/5-HTP 5-HIAA/5-HT
Control - 456 = 17.5 20.0 = 3.48 193 £ 1.65 2418 1272 0479 =0.177
Model - 232 *16.2 16.8 2299 18.6 26.09 1.174 =0.714 0.855 = (0.448%:#:*
Ergotamine and caffeine tablets 1.23 55.6 =404 19.7 £6.27 23.1£7.02 2963 =2.044 0.527 =£0.335
Senkyunolide I 72 57.3 = 41.5% 20.8 £ 2.37 19.1 =724 2719 = 1.812 0.535 = 0.336**
Senkyunolide I 36 46.0 = 38.3 21.8 £2.52% 174 +236 2.042 =1.519 0.323 = 0.206
Senkyunolide I 18 60.5 = 56.0* 20.8 £3.10 14.6 2230 2213 £1.305 0.530 = 0.221**

Values are mean = S.D. (n = 10). *P < 0.05 vs model; **P < 0.01 vs model; ***P <0.05 vs control.

Table 4 Effect of senkyunolide I on the levels of brain tissue monoamine neurotransmitters and the turnover rates in migraine model rats

Groups Dose Monoamine neurotransmitters (ng/g) Monoamine turnover rates
(mg/kg) 5-HT 5-HTP 5-HIAA NE DA 5-HT/5-HTP 5-HIAA/5-HT NE/DA
Control - 147.0 £41.0  602.6 = 135.7 240.0 =752 4263+ 1759 1564.3 +592.6 0.268 +0.129  1.642 * 0.301 0.296 = 0.114
Model - 2412 £ 1234 5624 *+1292 197.0 £73.2 4522 *+ 1314 12309 +975.6 0.425 = 0.174* 0.889 = 0.255%* 0.504 * 0.329
Ergotamine and 123 1808 = 67.7 604.5 +114.6 1853 £85.2 421.4*=128.0 1507.7 =651.6 0.319 =0.162  1.047 = 0.464 0.330 = 0.171
caffeine tablets

Senkyunolide I 72 1849 =944  625.6*+70.7 183.1 £85.6 3824 *+83.84 1505.6+693.7 0.309 *0.184  1.078 * 0.338 0.314 = 0.171
Senkyunolide I 36 162.6 = 69.3  584.7 = 128.0 147.6 = 86.0 407.2 = 68.65 1347.1 £935.6 0.307 =0.166  0.881 = 0.357 0.371 = 0.231
Senkyunolide I 18 179.9 £ 42.1  660.7 = 246.0 219.6 =328 4454 +100.6 1417.9 =754.6 0.294 +0.095 1.234 *0.397 0.339 = 0.216

Values are mean = S.D. (n = 10). *P <0.05, **P < 0.01 vs control.

Table 5 Effect of senkyunolide I on nitric oxide levels in plasma and brain tissue of rats exposed to nitroglycerin

Groups Dose (mg/kg) NO

Plasma (umol/1) Brain tissue (umol g/prot)
Control - 23.98 =945 1086 = 0.68
Model - 137.49 + 14.2]%* 2.95 + 0.22%*
Senkyunolide I 72 93.51 = 49.12%%#* 227 = 0.47
Senkyunolide T 36 117.94 = 19.67 1.84 £0.75
Senkyunolide I 18 135.17 = 32.26 2.29 = 1.04

Values are mean = S.D. (n =6). *P <0.05, **P < 0.01 vs control;***P < 0.01 vs model.

were significantly higher than those of the control group.
Senkyunolide I administered at the three doses generally
returned brain tissue NE, 5-HTP and 5-HT turnover rates
close to those of the controls.

Effect of senkyunolide | on plasma and brain
nitric oxide

As shown in Table 5, the levels of NO in the plasma and brain
tissues of the migraine model rats were significantly higher
than those of the control group. Senkyunolide I at the dose of
72 mg/kg decreased the levels of NO in plasma and brain
tissue.

Discussion

The hot-plate assay is a simple and popular method for detect-
ing central and peripheral acute thermal pain in mice. Addi-
tionally, observing acetic-acid-induced writhing is a standard

test for visceral pain, which is sensitive to opiate as well as
non-opiate analgesics. The results of both these tests in this
study showed that senkyunolide I possesses antinociceptive
activity in mice. This activity was dose-dependent, with the
peak effect occurring at about 240 min after administration.

There is now much evidence to suggest that 5-HT may play
a crucial role in migraines."> During the prodromal phase of
a migraine attack, the level of 5-HT rises and causes vasocon-
striction. In the attack stage, 5-HT is metabolized to 5-HIAA
and excreted in the urine. The lowered concentration of 5-HT
in blood cannot sustain the contraction of blood vessels,
resulting in hemangiectasis. The 5-HT reduction also leads to
a decrease in the pain threshold within the thalamencephalon.
While migraines are regularly caused by these two factors,!"
DA is another stimulant of the migraine process, and its recep-
tors are also involved in the regulation of blood flow in the
brain. DA levels are reduced during a migraine attack, leading
to cerebrovascular dilation and migraine pain.!”



Anti-migraine effect of senkyunolide |

A reduction was observed in the levels of three forms of
related monoamine neurotransmitters, 5S-HTP (the precursor
of 5-HT), 5-HT and 5-HIAA (the metabolite of 5-HT), in the
plasma following nitroglycerin administration to induce
migraine. The turnover rate!® of 5-HTP (5-HT/5-HTP) was
reduced, while that of 5-HT (5-HIAA/5-HT) rose. The
change in the monoamine turnover rates caused the reduc-
tion in the overall level of 5-HT. Increases (tendentially or
significantly) were observed in the levels of all three
monoamine neurotransmitters following senkyunolide I
administration, and the turnover rates of 5-HTP and 5-HT
were reversed (tendentially or significantly). This phenom-
enon was also observed in the levels of the five monoamine
neurotransmitters (5-HTP, 5-HT, 5-HIAA, DA and NE) and
their turnover rates (5-HT/5-HTP, 5-HIAA/5-HT, NE/DA)
following nitroglycerin or senkyunolide I administration.
This suggests that senkyunolide I affects the levels of
monoamine neurotransmitters in the plasma and brain tissue
of the migraine model rats by adjusting their turnover rates
to some extent.

NO is important for the regulation of cerebral and extrac-
erebral cranial blood flow and arterial diameters. It is also
involved in nociceptive processing. Glyceryl trinitrate , a
prodrug for NO, increases the level of NO in plasma and brain
tissue of Sprague-Dawley rats and causes migraines.'"” Our
study demonstrates that senkyunolide I decreases (tenden-
tially or significantly) the levels of NO in the plasma and brain
tissue of migraine model rats. Similar results were observed
with senkyunolide A, an analogue of senkyunolide I, which
can decrease the NO content and nitric oxide synthase (NOS)
activity in the global cerebral ischemia-reperfusion model in
rats.?”!

In preliminary experiments, we studied the time-effect
relationship of senkyunolide I on the levels of 5-HT and
found that it reached a peak value at 240 min, therefore
240 min was chosen as the time point for testing pain
thresholds after drug administration. Moreover, the effects of
senkyunolide I on the pain threshold of mice were tested
in the first set of experiments at 8 mg/kg, 16 mg/kg and
32 mg/kg, doses chosen according to the results of the pre-
liminary experiments. The most effective dose was appar-
ently 32 mg/kg.

The pain threshold can be influenced to some extent by
monoamine neurotransmitters. In order to test a wider range
of potentially effective dosages in the rat model, in subsequent
experiments we chose doses of 18 mg/kg, 36 mg/kg and
72 mg/kg to evaluate the antimigraine activity of senkyuno-
lide I in vivo. The levels of monoamine neurotransmitters can
be influenced by emotion, food and medicine, among other
factors. In addition, the stimulation given by the experimenter
may change the neurotransmitter levels of the laboratory
animals. These factors can lead to large differences between
individual animals. The monoamine neurotransmitters in bio-
logical samples also tend to be unstable and, based on our
experience, it was found that the level of 5-HT in plasma
samples decreased by 10% within 10 h at room temperature.
These reasons may have contributed to the large deviations in
Tables 3 and 4, which to some extent caused only trends to be
observed, but without significant differences between some
groups.
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Conclusions

The present study suggests that senkyunolide I may be a key
effective component of the traditional L. chuanxiong medi-
cine used to treat migraines. The mechanism of its effects on
relieving pain in migraine model rats may be through adjust-
ment of the levels of monoamine neurotransmitters and their
turnover rates in blood and brain tissue, and decreasing NO
levels in plasma and the brain. Senkyunolide I therefore has
considerable therapeutic potential and is worthy of clinical
development as a potential agent for the treatment of
migraines.
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