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Abstract

Administration of nitroglycerin (NTG) to rats induces
a hyperalgesic condition and neuronal activation of
central structures involved in migraine pain. In order
to identify therapeutic strategies for migraine pain,
we evaluated the anti-nociceptive activity of
Andrographis Paniculata (AP), a herbaceous plant, in
the hyperalgesia induced by NTG administration in
the formalin test. We also analyzed mRNA expression
of cytokines in specific brain areas after AP treat-
ment. Male Sprague-Dawley rats were pre-treated
with AP extract 30 minutes before NTG or vehicle
injection. The data show that AP extract significantly
reduced NTG-induced hyperalgesia in phase Il of the
test, 4 hours after NTG injection. In addition, AP
extract reduced IL-6 mRNA expression in the medulla
and mesencephalon and also mRNA levels of TNF-
alpha in the mesencephalic region. These findings
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suggest that AP extract may be a potential therapeu-
tic approach in the treatment of general pain, and
possibly of migraine.

KEY WORDS: cytokines, Andrographis Paniculata, formalin test,
migraine, nitroglycerin.

Introduction

Experimental research has led to considerable
advances in understanding of migraine pain mecha-
nisms, and several options for both acute and prophy-
lactic treatment have emerged (Olesen and Ashina,
2011). However, alternative therapeutic approaches
are still needed because of tolerability issues and/or
high percentages of non-responders. The popularity of
medicinal herbs has grown significantly over the past
decade and several reports have focused on the ther-
apeutic potential of various plant-derived compounds,
particularly molecules derived from natural leads with
anti-inflammatory activities. Bioactive chemical con-
stituents from medicinal herbs, namely sesquiterpene
lactones, monoterpenes/diterpenes and flavonoids,
are known to elicit a variety of pharmacological activi-
ties. Some of these compounds act as enzyme
inhibitors and antioxidants, and have been reported to
have anti-inflammatory properties (Middleton et al.,
2000; Havsteen, 2002). The inflammatory response is
associated with increased production of nitric oxide
(NO) and activation of proinflammatory mediators
(Moilanen et al., 1999; Bogdan, 2001). Although the
exact mechanisms remain elusive, certain flavonoids
and diterpenoids down-regulate NO production in
response to inflammatory stimuli (Diaz-Viciedo et al.,
2008). Experimental data support the idea that com-
pounds inhibiting expression or activity of NO syn-
thase (NOS) and nuclear factor-kappa B (NF-kB) are
potential anti-migraine agents (Reuter et al., 2001).
NO is involved in pain transmission, hyperalgesia,
chronic pain, inflammation and central sensitization,
mostly in a cyclic guanosine monophosphate-depend-
ent way (Neeb and Reuter, 2007). Systemic nitroglyc-
erin (NTG), an NO donor, activates brain nuclei
involved in pain transmission as well as in neuroen-
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docrine and autonomic functions in rats. These
changes are considered significant for migraine,
because NTG consistently induces delayed migraine-
like attacks only in migraineurs (Sances et al., 2004).
Additionally, in rats, NTG injection in the formalin test
(a model of inflammatory pain) induces a state of
hyperalgesia that is detectable as an increase in noci-
ceptive behavior (Greco et al., 2014, 2015). Various
evidence points to the existence of a condition of
trigeminal sensitization in migraineurs, which results
in hyperalgesia, allodynia and cognitive dysfunction
during and between episodes (Noseda and Burstein,
2013). Therefore, NTG-induced hyperalgesia in
rodents is used as an experimental model for sensory
hypersensitivity associated with migraine (Tassorelli et
al., 1999; Greco et al.,, 2014, 2015). Andrographis
Paniculata (AP), also known as “King of Bitters”, is a
herbaceous plant belonging to the Acanthaceae fami-
ly; AP has been widely used in traditional Asian medi-
cines for centuries. The traditional uses and pharma-
cological aspects of AP have been well documented,
and its major constituents are diterpenoids, flavonoids
and polyphenols (Jarukamjorn and Nemoto, 2008).
Phytochemical studies have identified a specific
bioactive diterpene, known as andrographolide, as the
main component of AP (Sareer et al., 2014).
Andrographolide and its derivatives and synthetic
analogs have been shown to have a broad range of
pharmacological properties, including anti-inflamma-
tory, immunostimulatory and anticancer activities
(Akbar, 2011; Varma et al., 2011). In addition, the com-
ponents of AP extract exhibit anti-inflammatory effects
by interfering with the production of inflammatory
mediators, in particular cyclooxygenase (COX)
enzymes and pro-inflammatory cytokines (Paricha-
tikanond et al., 2010). Notably, these effects are inti-
mately associated with the modulation of the NF-kB
signaling network and the down-regulation of pro-
inflammatory responses (Lim et al., 2012). Moreover,
another critical target for the inflammation suppressive
activity regulated by andrographolide is the
NO/inducible NOS (iNOS) pathway (Lim et al., 2012).
The NO/INOS system is involved in pain transmission,
hyperalgesia, chronic pain, neuroinflammation and
central sensitization (Barbanti et al., 2014). Despite
the potent anti-inflammatory properties exhibited by
AP, its anti-nociceptive and analgesic effects are still
largely unexplored. However, recent studies reported
an anti-nociceptive effect of AP in the acetic acid-
induced writhing, hot-plate and formalin tests
(Sulaiman et al., 2010; Adedapo et al., 2015).

The aim of the present study was to evaluate the anti-
nociceptive activity of AP and its potential effect on the
mRNA expression of specific cytokines in an animal
model of hyperalgesia induced by NTG administration
(Tassorelli et al., 2003; Greco et al., 2014). This exper-
imental model has been tested over the years with dif-
ferent drugs and is considered a reliable animal model
of migraine (Tassorelli and Joseph, 1995; Bergerot et
al., 2006; Greco et al., 2011).
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Materials and methods
Animals

Adult male Sprague-Dawley rats (weight 250-270 g)
were evaluated in the present experiments. The prin-
ciples of the Helsinki declaration and IASP’s guide-
lines for pain research in animals were rigorously
applied (Zimmermann, 1983). The rats were housed
two per cage, at 20-22 °C on a 12-h light-dark cycle,
with food and water ad libitum at the Centralized
Animal Facility of the University of Pavia. All proce-
dures were approved by the local Animal Care
Committee. All the rats were acclimatized to the test
chamber before testing began.

Drugs

The ethanolic extract of aerial parts of AP (Product:
L100235L, purified by high performance liquid chro-
matography; andrographolide average content 10%)
was purchased from Truffini and Reggé Farmaceutici,
Milan, Italy. The extract was dissolved in saline (used
as vehicle) and administered to the animals as
intraperitoneal (i.p.) suspensions. Suspensions were
freshly prepared every day (Sulaiman et al., 2007,
2010). Nitroglycerin (Bioindustria L.I.M. Novi Ligure
(AL), Italy) was prepared from a stock solution of 5.0
mg/1.5 ml dissolved in 27% alcohol and 73% propy-
lene glycol (PG). For the i.p. injections, NTG was fur-
ther diluted in saline to reach the final concentration of
alcohol 6% and PG 16% and administered at a dose
of 10 mg/kg. The vehicle control used in these exper-
iments was 16% PG, 6% alcohol and 0.9% saline
(NTG vehicle).

Formalin test: experimental design

The rats were randomly divided into groups of 6-8

animals, according to the following treatment sched-

ule:

1) control group (n=8): saline (30’) + NTG vehicle, 12
ml/kg, i.p.

2) saline + NTG group (n=8): saline (30’) + NTG, 10
mg/kg, i.p.

3) AP 1 + NTG group (n=6): AP extract (30’), 50
mg/kg, i.p. + NTG;

4) AP 2 + NTG group (n=6): AP extract (30’), 25
mg/kg, i.p. + NTG.

In addition, to evaluate the possible interaction of AP

extract with NTG vehicle we included another experi-

mental group:

5) AP 1 + NTG vehicle group (n=6): AP extract (30’),
50 mg/kg, i.p. + NTG vehicle

AP or saline was administered 30 minutes (30’) before

NTG or NTG vehicle injection. The formalin test was

performed 4 hours after NTG or vehicle administra-

tion. The investigators responsible for the behavioral

testing were blind to treatment group assignment. For

the formalin test, a 100 ul volume of 1% formalin

(formaldehyde diluted in 0.9% saline) was adminis-
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tered by intraplantar injection. Pain-related behavior
was quantified for 1 h by counting spontaneous flinch-
es and shakes of the injected paw: over 60-s periods
for the first 5 min (min 1, 2, 3, 4 and 5) and thereafter
following 4-min pauses, for 60-s periods up to the
hour. Phase | was defined as the period from 1 to 5
min, phase Il was defined as the period from 15 to 60
min inclusive. Phase | is considered the result of
chemical activation of nociceptors, whereas phase I
reflects the inflammatory reaction and central pro-
cessing (Tjolsen et al., 1992).

Detection of mRNA expression of cytokines:
experimental design

The rats were randomly divided into four groups of
5-6 animals, according to the following treatment
schedule:

1) Control group (n=6): saline (30’) + NTG vehicle, 12

mi/kg, i.p.
2) saline + NTG group (n=6): saline (30’) + NTG, 10
mg/kg, i.p.

3) AP 1 + NTG group (n=5): AP extract (30’), 50
mg/kg, i.p. + NTG
4) AP 1 + NTG vehicle group (n=5): AP extract (30’),
50 mg/kg, i.p. + NTG vehicle
On the basis of the distribution of the nuclei that are
known to be activated by NTG and involved in
migraine pain, the following discrete brain areas were
dissected out 4 hours after NTG or vehicle administra-
tion and used for analysis: the medulla (bregma,
-13.30 to —14.60 mm), containing the nucleus trigem-
inalis caudalis (NTC), nucleus tractus solitarius and
area postrema; the mesencephalon (bregma, —4.8 to
—6.04 mm), containing the ventrolateral column of the
periaqueductal gray and parabrachial nucleus.

Real-time polymerase chain reaction

Interleukin-6 (IL-6) (forward primer: TTCTCTCCG-
CAAGAGACTTC; reverse primer: GGTCT-
GTTGTGGGTGGTATC) and tumor necrosis factor
alpha (TNF-alpha) (forward primer: CCTCACACTCA-
GATCATCTTCTC; reverse primer: CGCTTGGTG-
GTTTGCTAC) mRNA expression was analyzed by a
real-time polymerase chain reaction (RT-PCR). Total
RNA was isolated from the cerebral samples with
Trizol reagent in accordance with the method of
Chomczynski and Mackey (1995). RNA was quantified
by measuring the absorbance at 260/280 nm. cDNA
was generated using the iScript cDNA Synthesis kit
(Bio-rad, Milan) following the supplier’s instructions.
Gene expression was analyzed using the Fast Eva
Green supermix (Bio-rad). As regards the housekeep-
ing gene, glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; forward primer: AACCTGCCAAGTAT-
GATGAGC; reverse primer: GGAGTTGCTGTTGAAGT-
CA) was used. The expression of the housekeeping
gene remained constant in all the experimental groups
considered. The amplification was performed through
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two-step cycling (95-60°C) for 45 cycles in a light
Cycler 480 Instrument RT-PCR Detection System
(Roche, Milan) following the supplier’s instructions. All
samples were assayed in triplicate. Gene expression
was calculated using the ACt method.

Statistical analysis

Data are expressed as mean + SEM. The total number
of flinches/shakes evoked by formalin injection was
counted separately for phase | and for phase IlI, as
described above. An a priori power analysis was con-
ducted to determine the minimal sample size needed to
obtain a statistical power of 0.80 at an alpha level of
0.05. In our previous studies, evaluating the difference
in nociceptive response in the second phase of the for-
malin test (total number flinches/shakes) between rats
injected with NTG and rats injected with vehicle
(Tassorelli et al., 2006), we calculated a standardized
effect size of 2.38 for this variable. The analysis estimat-
ed a sample size of at least five rats per group. We used
5-8 rats per experimental group. The data were tested
for normality using the KS normality test and considered
normal. The differences between groups were analyzed
by unpaired t test or one-way analysis of variance
(ANOVA) followed by the Newman-Keuls Multiple
Comparison Test when more than two groups were
compared. The minimum level of statistical significance
was set at p<0.05.

Results
Formalin test

In the control group (saline + NTG vehicle), the forma-
lin injection induced an initial acute phase of nocicep-
tion within the first 5 min (phase 1), followed by a pro-
longed tonic response from 15 to 60 min after forma-
lin injection (phase Il). As expected, NTG administra-
tion significantly increased the nocifensive behavior in
phase Il of the formalin test, compared with the control
group (Fig.1), confirming previous data (Tassorelli et
al., 2006). AP ethanolic extract (25 mg/kg) significant-
ly reduced the nocifensive behavior in phase Il of the
test after NTG administration. The effect was more
evident when AP ethanolic extract was administered
at a higher dose (50 mg/kg) before NTG administra-
tion (Fig.2). No significant effect on nocifensive
behavior was observed after AP extract (50 mg/kg)
pre-treatment in the experimental group treated with
NTG vehicle (Fig.3).

mRNA expression of cytokines

IL-6 and TNF-alpha mRNA expression was significant-
ly increased in the medulla and in the mesencephalon
of rats treated with NTG, compared with the control
group (saline + NTG vehicle) (Fig.s 4 and 5). AP
ethanolic extract pre-treatment significantly reduced
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Figure 1 - Nitroglycerin-induced hyperalgesia
in the formalin test.

(A) NTG administration significantly increa-
sed the total number of flinches/shakes
during phase Il of the test, when compared
with saline + NTG vehicle group (control
group). No significant effect was reported in
phase |. (B) Time course of the nocifensive
behavior in the different groups. Data are
expressed as mean + SEM. Unpaired t test,
**p<0.01 vs saline + NTG vehicle.

Figure 2 — Effects of Andrographis Paniculata
(AP) on nitroglycerin-induced hyperalgesia in
the formalin test.

(A) The histograms illustrate the total number
of flinches and shakes per phase of the test.
AP ethanolic extract (50 mg/kg or 25 mg/kg)
is effective to counteract NTG-induced hype-
ralgesia during phase Il of the test, compared
with saline + NTG group. (B) Time course of
the nocifensive behavior in different groups.
Data are expressed as mean + SEM. ANOVA
followed by Newman-Keuls Multiple
Comparison Test; ***p<0.001 vs saline +
NTG; **p< 0.01 vs saline + NTG; °p<0.05 vs
AP (25 mg/kg).
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the expression of IL-6 mRNA in all cerebral areas. The
level of TNF-alpha mRNA was reduced only in the
mesencephalon (Fig.s 4 and 5). No significant effect in
cytokine mRNA expression was observed after AP
extract pre-treatment in cerebral areas of rats treated
with saline + NTG vehicle (Fig.s 4 and 5).

Discussion

Systemic NTG activates brain nuclei involved in noci-
ceptive transmission as well as in neuroendocrine and
autonomic functions in rats (Tassorelli et al., 1999).
These changes are considered relevant for migraine
because NTG consistently provokes spontaneous-like
migraine attacks in migraineurs (Sances et al., 2004).
NTG is able to induce a long-lasting hyperalgesic
state in rats, detectable as an increase in the nocicep-
tive behavior evoked by the formalin test (Tassorelli et
al., 2006; Greco et al., 2015). This is probably due to
complex mechanisms involving NO synthesis but also
to sensitization of the trigeminovascular system at the
meningeal and central level (Galeotti and Ghelardini,
2013). The formalin test was introduced as a model of
tonic pain several years ago, and has since been used
extensively in rats and mice (Tjolsen et al., 1992). In
this study, we investigated the anti-hyperalgesic effect
of AP ethanolic extract in baseline conditions and in
NTG-induced hyperalgesia in the formalin test. In
addition, in order to evaluate whether pretreatment
with AP may modulate expression of pro-inflammatory

cytokines, we also examined IL-6 and TNF-alpha
mRNA expression in brain areas specific for migraine
pain.

AP ethanolic extract proved capable of counteracting
NTG-induced hyperalgesia in the second phase of the
formalin test but did not alter phase I. This was also
the case when a lower dose was used. Lack of phase
| responses suggests that AP ethanolic extract does
not alter basal pain but rather reduces pain transmis-
sion and alters nocifensive behavior in phase Il com-
pared with the control group (saline + NTG vehicle).
Although several studies have reported a significant
analgesic effect of AP in animal models of inflammato-
ry pain, this discrepancy in the results may be due to
differences in timing and route of administration
(Sulaiman et al., 2007; Adedapo et al., 2015). It should
also be pointed out that the possible mechanisms
underlying NTG-induced hyperalgesia are currently
elusive. However, it is becoming increasingly evident
that NTG exerts its activity through a direct effect on
the production of NO and pro-inflammatory mediators
at central level (Tassorelli et al., 2006, 2007), or indi-
rectly via inflammation mediated by NO-dependent
mechanisms at the meningeal level as a consequence
of sensitization of the trigeminovascular system
(Reuter et al., 2001). The second phase of the forma-
lin test reflects the activation of mediators of the
inflammatory response and the activation of dorsal
horn neurons (Tjolsen et al., 1992). Therefore, it is
possible that the clear-cut anti-hyperalgesic effect
observed following the AP administration reflects an
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Figure 3 - Andrographis Paniculata
(AP) effects in baseline conditions
(without NTG)

(A) The histograms illustrate the total
number of flinches and shakes per
phase of the test. After AP extract (50
mg/kg) pre-treatment no significant
effect was observed on the nocifensi-
ve behavior in the experimental
group treated with NTG vehicle.

(B) Time course of the nocifensive
behavior in different groups. Data are
expressed as mean + SEM. Unpaired
t test.
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interaction at the periphery as well as at central level.
Cytokines play a key role in inflammatory responses,
modulation of the pain threshold and also in trigeminal
nerve fiber sensitization. These mediators are related
to neurogenic inflammation in the pathogenesis of
migraine. Moreover, it is known that increased expres-
sion of cytokines is implicated in the development and

maintenance of sensitization of peripheral nociceptors
and second order neurons (Miller et al., 2009).
Migraine patients indeed show higher serum levels of
IL-1beta and IL-6, and lower levels of IL-10 than
healthy subjects (Uzar et al., 2011). By contrast, TNF-
alpha levels increase after migraine pain onset and
decrease progressively over time (Perini et al., 2005).

medulla
3_ *k

T

IL-6 mMRNA expression

IL-6 mMRNA expression

mesencephalon

oo

T

Figure 4 - IL-6 mRNA expression in
specific brain areas.

NTG administration significantly in-
creased IL-6 mRNA expression in
the medulla and mesencephalon
compared with saline + NTG vehicle
group. AP pre-treatment significantly
reduced IL-6 mRNA expression in
both brain areas, compared with sa-
line + NTG group. Data reported as
mean + SEM, ANOVA followed by
Newman-Keuls Multiple Compari-
son Test, **p<0.01 vs saline + NTG
vehicle and AP (50 mg/kg) + NTG
vehicle; * p<0.05 vs saline + NTG,
saline + NTG vehicle and AP (50
mg/kg) + NTG vehicle; °°p<0.01 vs
saline + NTG vehicle; °p<0.05 vs sa-
line + NTG.
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mesencephalon

Figure 5 - TNF-alpha mRNA
expression in specific brain areas.
NTG administration significantly in-
creased TNF-alpha mRNA expres-
sion in the medulla and mesence-
phalon, compared with saline + NTG
vehicle group. AP pre-treatment si-
gnificantly reduced TNF-alpha
mRNA level in the mesencephalon,
compared with saline + NTG group.
Data reported as mean + SEM,
ANOVA followed by Newman-Keuls
Multiple Comparison Test. **p<0.01
vs saline + NTG vehicle and AP (50
mg/kg) + NTG vehicle; ***p<0.001 vs
saline + NTG vehicle and AP (50
mg/kg) + NTG vehicle; °*°p<0.001 vs
saline + NTG.
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Our findings show that NTG significantly increased IL-6
and TNF-alpha expression in all cerebral areas exam-
ined. These findings demonstrate for the first time that
NTG administration may induce changes in cerebral
cytokine gene expression and not only at the dural
level (Reuter et al., 2001). A recent study reported a
significant increase of pro-inflammatory cytokines in
the trigeminal ganglia and in spinal trigeminal nuclei
following capsaicin injection in the eyebrow regions
(Vause and Durham, 2012). In this study, pre-treat-
ment with AP ethanolic extract significantly reduced
IL-6 mRNA expression in all cerebral areas, while a
significant reduction of TNF-alpha mRNA expression
was found only in the mesencephalon. In accordance
with these findings, Parichatikanond et al. (2010)
demonstrated that components of AP extract induce a
down-regulation of genes involved in inflammatory
responses, including IL-6 and TNF-alpha.
Andrographolide is one of the main ingredients of AP,
and it was reported to possess anti-inflammatory
activity (Akbar, 2011, Lim et al., 2012) and to inhibit
NO production in lipopolysaccharide-stimulated
murine macrophage (Liu et al., 2007). In a previous
study, Hidalgo et al. (2005) reported the ability of
andrographolide to inhibit NF-kB binding to DNA,
which then leads to reduced expression of proinflam-
matory proteins, including COX-2 and cytokines. The
capacity of AP to reduce inflammatory pathways by
preventing binding of NF-kB to DNA thus represents a
potential mechanism for its anti-hyperalgesic effect. It
is noteworthy that NTG increases the transcriptional
activity of NF-kB in the dura and medulla of rats
(Reuter et al., 2001; Greco et al., 2005) and these
changes may also be associated with increased COX-
2 expression in the medulla (Tassorelli et al., 2007).
The medulla is the area containing the NTC, one of
the most important relay stations for pain transmission
in the brain. In this area, we found increased IL-6 and
TNF-alpha mRNA levels.

Taken together, these observations provide evidence
that AP ethanolic extract has anti-hyperalgesic activity
in an experimental animal model of sensory hypersen-
sitivity associated with migraine. AP ethanolic extract
seems to act through mechanisms that may be relat-
ed to direct or indirect inhibition of pro-inflammatory
responses in specific brain areas involved in migraine
pain transmission.
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