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Abstract

Background Chaerophyllum macropodum Boiss. (popularly known as “Jafari farangi kohestani”) is a predominant medicinal
plant traditionally utilized in the treatments of peritoneal inflammation and headache in Persian folk medicine. Here, we have
revealed the anti-neuropathic and anti-nociceptive activities of C. macropodum leaves essential oil (CMEO) in addition to
uncovering the possible mechanisms of action.

Methods Formalin-induced paw licking model was used to assess the anti-nociceptive activity of CMEO and its major
constituent, terpinolene (TP). The anti-nociceptive activity of these compounds was determined by investigating the roles
of various non-opioid and NO-cGMP-K™ channels. Additionally, the anti-neuropathic potential of CMEO and TP was deter-
mined using cervical spinal cord contusion/CCS technique.

Results The CMEO exerted significant anti-nociceptive activity with a remarkable activity seen in the second phase of
formalin-induced paw licking model and this activity were remarkably reversed by pre-treatment of naloxone (an opioid
antagonist). Pretreatment with several types of NO-cGMP-potassium channel pathway meaningfully reversed the anti-noci-
ceptive potential of CMEO in phase II of formalin model. Moreover, pre-treatment with several antagonists of non-opioid
receptors revealed that only the antagonist of TRPV-1, serotonin type 3, 5-HT,, a, adrenergic, and CB, receptors (capsaicin,
ondansetron, ketanserin, yohimbine, and SR141716A, respectively) reversed CMEO anti-nociception. CMEOQ and TP also
remarkably reversed hyperalgesia and mechanical allodynia in the CCS technique.

Conclusion The CMEOQ exerts anti-nociceptive and anti-neuropathic activities via the modulation of NO-cGMP potassium
channel pathway, opioid as well as several non-opioid receptor activity. TP might partly contribute to the observed activities
of CMEO.
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Abbreviations

Cap Capsazepine

CCS Cervical spinal cord contusion

CMEO Chaerophyllum macropodum leaves essential
oil

Dic Diclofenac sodium

DMSO Dimethyl sulfoxide

GC Guanylate cyclase

GC-MS  Gas chromatography—mass spectrometry

GLI Glibenclamide

GW6 GW6471

GW9 GW9662

KATP ATP-sensitive potassium channels

Ket Ketanserin

L-NAME Nw-nitro-L-arginine methyl ester
hydrochloride

MB Methylene blue

NMDA N-Methyl-p-aspartate receptors

NOS Nitric oxide synthase

NSAIDs  Non-steroidal anti-inflammatory drugs

Ond Ondansetron hydrochloride

PPA Peroxisome proliferator-activated

Pra Prazosin

SNP Sodium nitroprusside
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Introduction

Pain serves as a protective response by the body and involves
alterations in anatomy, physiology, neurochemicals, and psy-
chology. It is characterized as an unpleasant sensory and
emotional encounter that poses a hazard of physical injury,
making it the primary reason for medical consultations
across the globe (Golshani and Mohammadi 2015). The
adverse consequences of opioids and other pain medicines,
such as NSAIDs, have undergone thorough examination and
are controllable with efficiency (Mahmoodi et al. 2016).

In developing nations, it is believed that approximately
80% of the citizens rely on herbs as a form of medical treat-
ment according to the World Health Organization (WHO)
(Reis et al. 2022). The pharmaceutical industry's growing
reliance on plants emphasizes the urgent need to investigate
essential oils as a means of developing more advanced bio-
active delivery mechanisms and pharmaceuticals with higher
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efficacy and fewer adverse effects (Asgari Neamatian et al.
2017).

Apiaceae family provides a large number of plants which
are used for different purposes including nutrition, medi-
cine, beverages, spices, repellents, staining, cosmetics, fra-
grances and industrial uses. This family is rich in phyto-
chemicals and secondary metabolites which are potential
source of drugs. Various products and by products derived
from Apiaceae family can be considered as easily accessi-
ble, cheap, and environmentally friendly raw materials for
several industrial and commercial preparations ranging from
their uses in the cosmetic and pharmaceutical industries, to
their uses as food additives and other industrial applications
(Sayed-Ahmad et al. 2017). Chaerophyllum macropodum
Boiss (C. macropodum). is an indigenous aromatic biennial
shrub belongs to the Apiaceae family. It is locally known in
Persian language as jafari frangi kohi, chervil, and chevil.
The plant has been traditionally used by the Persian to treat
various types of ailments, including a variety of pain (e.g.,
toothache, back pain, and migraine) (Amiri and Joharchi
2016). Recent studies have proven the antioxidant, anti-
microbial, anti-amoebic, and antibacterial (Durmaz et al.
2006; Ebrahimabadi et al. 2010; Nayeri et al. 2022) effects
of C. macropodum. The previous studies have indicated that
some plants of the same genus as C. macropodum possess
in vivo anti-inflammatory effects (Kurkcuoglu et al. 2018).
Application of C. macropodum essential oil (CMEO) can
be competitive in comparison to the referenced analgesic
chemical drugs due to its availability to people in high quan-
tities due to different distribution in Iran, being safer and less
side effects, popularity in Iran for using in the pain manage-
ments, low economically price, complementary treatment
usage (Amiri and Joharchi 2016). This plant also has been
used in different countries such as Iraq, Turkey, Pakistan,
and Azerbaijan for treatment of headache, fever, eliminating
dampness, joint pain, cough, asthma, rheumatic arthralgia,
carbuncle, pyogenes infections, regulating vital energy, pro-
moting digestion, relaxing abdominal pain, expelling para-
site, feverish conditions, stomach ache and cold (De Silva
et al. 1997; Toksoy et al. 2010). In China, the plant leaves
has been mainly used for treatment of pallor, fatigability,
palpitations, exopathogenic wind-cold (Li 2016). In India
also the CMEO was utilized in the industrial applications
including lubricants, soaps (for achieving smooth skin),
mouthwash, and lotions (Sharma et al. 2008).

In recent decades, numerous studies have reported that
terpenes and terpenoids are essential in supporting human
health. The content of this compound can be found in several
nutritional and health products of humans because it is a
source of vitamins A, E, K, and coenzyme Q10. Terpinolene
(TP) is one of the most important chemical constituent iden-
tified in CMEQO, a highly lipophilic monocyclic terpene
(Haghi et al. 2010; Dini et al. 2022). Terpinolene has been

reported to exert various pharmacological activities such as
anti-nociceptive, anti-inflammatory, antioxidant, antifungal,
insecticidal, larvicidal as well as anti-tumoral effect that are
shown to involve in the inhibitory effect toward the expres-
sion of protein kinase 1 based on the previous reports. There
are evidences that TP is a powerful weapon against neuro-
pathic pain and inflammatory-associated diseases (Menezes
et al. 2023).

However, no attempt has been made to scientifically
evaluate the pain-relieving potential of CMEO. Therefore,
the objective of the current investigation was to assess the
potential anti-nociceptive and anti-neuropathic properties
of CMEO and its predominant component, TP. The role of
opioids and non-opioids receptors as well as the NO-cGMP-
K* channel pathway in the modulation of CMEO-mediated
anti-nociceptive activity was also investigated.

Materials and methods
Preparation of plant

Leaves of C. macropodum were collected in July 2022
from Alvand Mountain in Hamadan, Iran and verified by
Dr. Mohammad Zarei. The herbarium section from Islamic
Azad University of Tehran (commonly known as Ibn Sina),
Iran has confirmed the plant sample (No. 1505).

Extraction of C. macropodum EO

Dried C. macropodum leaves (=~ 2890 g) were subjected to
hydro-distillation procedure for two hours using a Clevenger
apparatus to extract the essential oil. Afterward, the essential
oil was dehydrated with the aid of Na,SO, and placed in
storage at the temperature of 4 °C until used (Ahmadimo-
ghaddam et al. 2020).

Animals

Male Wistar rats (225-240 g; 8 weeks old) were obtained
from the Royan-Institute, Tehran, Iran. The animals were
kept in plastic cages (n=4) with tender bedding in the ani-
mal house and maintained on a 12:12-h light/dark cycle.
Throughout all the inquiries, the examiner was unaware of
the specific medication interventions.

Chemicals and drugs

Dose range selected for all chemicals and drugs used in cur-
rent investigation was based on the preceding investigations
(Mahmoodi et al. 2013; Fallahzadeh et al. 2016; Moham-
madi and Golshani 2017; Ahmadimoghaddam et al. 2020,
2021; Zarei et al. 2021; Abed et al. 2022a, b; Menezes et al.
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2023). Drugs like morphine sulfate (MOR), naloxone or
NLX, sodium diclofenac (DIC), diazepam (DZP), and for-
malin were acquired from Tocris-Bioscience (UK, Bristol)
while modulators of NO-cGMP-potassium channels pathway
(i.e., arginine-hydrochloride or L-ARG, L-NAME hydro-
chloride or L-NAME, methylene blue (MB), nitroprusside
sodium (SNP), glyburide (GLI, commonly known as glib-
enclamide), and antagonists of several non-opioid recep-
tors (i.e., SR141716A (SRA; cannabinoid subtype 1 (CB)),
SR 144528 (SR8; cannabinoid subtype 2 (CB2), ketanserin
(KET; serotonin type 2 (5-HT,), ondansetron hydrochloride
(OND; serotonin type 3 (5-HT;), GW6471 (GW6; Peroxi-
some proliferator-activated receptors-o (PPARx), GW9662
(GW9; peroxisome proliferator-activated receptor-y
(PPARY), prazosin (PRA: a, adrenergic), yohimbine (YOH;
a2 adrenergic), pregabalin (PGB), capsazepine (CAP; tran-
sient receptor potential vanilloid subtype 1 (TRPV-1), tra-
nilast (TRA; transient receptor potential vanilloid subtype 2
(TRPV,), SCH23390 (SCH; dopaminergic subtype 1 (D1),
and sulpiride (SUL; dopaminergic subtype 2 (D2) were
acquired from Sigma Aldrich (St, Louis, USA). Preparative
to the experiment, each of CMEO or TP were diluted within
5% dimethyl sulfoxide (DMSO) to the required dose range
(Zarei et al. 2021). The solvents solution was formulated
by combinations of DMSO/saline/Tween 20 in the ratio of
90:5:5 (v/v).

Formalin-induced paw licking model

The model suggested technique was carried out for evalu-
ation of formalin-induced paw licking model (Gong et al.
2014). Nine groups of rats (n="7) were used and received
vehicle (control/VEH), CMEO (30, 60, and 120 mg/kg,
p.o.), TP (5, 10, and 20 mg/kg, p.o.), MOR (1 mg/kg, ip.) or
DIC (10 mg/kg, ip.) prior to the administration of formalin
solution. Then, 20 min following drug injections and/or 1 h
after oral treatment, 50 pl 2.5% formalin was injected to
the plantar surface of the left hind paw through a 30-gauge
needle microsyringe.

Involvement of NO-cGMP-potassium channel

The rats were pre-treated (ip) with the respective dose of
L-ARG (25, 50, and 100 mg/kg), L-NAME (25, 50, and
100 mg/kg), SNP (125, 250, and 500 mg/kg), MB (100, 200,
and 400 mg/kg) or GLI (25, 50, and 100 mg/kg) for 10 min
followed by the treatment (p.o.) with 120 mg/kg CMEO.
Sixty (60) min later, the animals underwent the formalin
experiment.

@ Springer

Involvement of other non-opioid receptors

The rats were pre-treated (ip) with CAP (3, 10, and 30 mg/
kg), TRA (3, 6, and 12 mg/kg), GW6 (10, 20, and 30 mg/
kg), GW9 (3, 10, and 20 mg/kg), KET (3, 10, and 30 mg/
kg), OND (2, 4, and 10 mg/kg), SCH (0.25, 0.5, and 1 mg/
kg), SUL (0.5, 2, and 4 mg/kg), PRA (0.5, 1, and 2 mg/kg),
YOH (0.5, 10, and 20 mg/kg), SRA (1, 3, and 6 mg/kg) or
SR8 (5, 10, and 20 mg/kg) for 10 min followed by the treat-
ment (p.o.) with 120 mg/kg CMEO. Sixty (60) min later, the
animals underwent the formalin experiment.

The neuropathic pain model

Cervical spinal cord hemicontusion (CCS) was carried out
as previously described (Dunham et al. 2010). Rodents were
anesthetized with a combination of 6 mg/kg xylazine/60 mg/
kg ketamine/6 mg/kg acepromazine. Afterward, partial lami-
nectomy of C5 was performed and the spinal column was
fixed in the IH-0400 Impactor apparatus (Precision Systems
and Instrumentation, USA). The spinal cord was immedi-
ately contused (using standard mouse tip size 1.3 mm) with
a force of 200 kdyn (no dwell time), resulting in tissue dis-
placement to a depth of 1600—1800 Im. Finally, the incision
was closed in layers and 5 mL of lactated Ringer solution
was subcutaneously administered to avoid dehydration.

Allodynia assay

Mechanical allodynia was assessed as previously reported
(Zhu et al. 2021) by measuring paw withdrawal thresholds
(PWT) for mechanical stimuli using von Frey filaments
(Stoelting, USA). Seven calibrated von Frey filaments (i.e.,
0.07,0.16,0.4, 0.6, 1.0, 1.4, 2.0 g bending force) were used
with approximately equal logarithmic incremental bend-
ing forces. Rats were acclimatized for at least 20 min on an
elevated wire mesh floor protected by a transparent Plexiglas
chamber. Then fibers of sequentially increasing rigidity with
an initial bending force of 0.07 g were applied to the hind
paw plantar surface adjacent to the incision for 5 s with suf-
ficient strength to bend the fiber slightly.

Hyperalgesia assay

As mentioned in the previous investigation (Ahmadimo-
ghaddam et al. 2021), the paw withdrawal delay to thermal
radiation has been used to analyze thermal hyperalgesia.
Animals were set on a glass surface in a PL-200 Plantar
anti-nociceptive checker (China, Chengdu Technology &
Market CO. Sichuan) and given at least 10 min to conform
to the equipment prior observations. The thermal radiation
light origin was placed under the hind paw’s plantar surface
and modified strategically to project a 5 mm diameter light
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spot onto the glass panel. To avoid tissue injury, the cut-off
time was set to 12 s.

Enzyme-linked immunosorbent assay (ELISA)

In addition, the spinal cord of CCS-surgery rats treated with
CMEO or TP was subjected to the enzyme linked immu-
nosorbent assay (ELISA) to determine the level of IL1p,
TNFo and IL2.

Rota-rod assay

The motor performance of rats treated (p.o.) with CMEO
(30, 60, and 120 mg/kg) or TP (5, 10, and 20 mg/kg) was
evaluated using the rota-rod assay.

Serum biochemical analysis

Serum level of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatinine, and urea in rats treated
once daily for 14 days with VEH, CMEO (30, 60, and
120 mg/kg) or TP (5, 10, and 20 mg/kg) were analyzed.

GCMS analysis of phytoconstituents of CMEO

Phytoconstituents analysis was carried out on CMEO using
a GC-MS (Hewlett-Packard 5973) with an HP-5MS column
(30 m x 0.25 mm; film thickness, 0.25 uM).

Statistical test

The data were presented as mean + SEM and analyzed by
GraphPad Prism® 16. The statistical significance of differ-
ence between groups was assessed by one-way analysis of
variance (ANOVA) or two-way followed by Dunnett’s/Bon-
ferroni’s multiple comparison test. The feedback variables
were assessed for normality assumptions using Kolmogorov/
Smirnov. The trapezoidal rule was utilized to compute the
region beneath the curve. If the p values were below 0.05,
they were deemed to have notable differences.

Results
Nociceptive pain (formalin-induced model)

Figure 1(A; neurogenic phase) shows that administration
of CMEO (120 mg/kg) or TP (20 mg/kg) exerted signifi-
cant anti-nociceptive action against the VEH (p <0.05,
p <0.01, respectively). Standard drugs, DIC and MOR,
also exhibited significantly higher anti-nociceptive activity
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Fig. 1 In both stages (A, B) of a formaldehyde-induced paw licking
test, the use of Chaerophyllum macropodum essential oil (CMEO)
was found to alleviate pain scores. CMEO (120 mg/kg)+ naloxone
(NLX), morphine (Mor), Diclofenac (Dic), Terpinolene/TP, and mor-
phine (Mor)+naloxone/NLX. After conducting One-way ANOVA,
the Bonferroni’s tests were performed. n=7 rats/group. The data are
presented as Mean values plus Standard Error of the Mean. *p <0.01,
and 3 <0.001 vs. Veh (control/vehicle). ®®®p <0.001 vs. CMEO
(120 mg/kg)

(»<0.01, p<0.001, respectively) in comparison to CMEO
(120 mg/kg).

As can be seen in Fig. 1 (inflammatory-mediated phase),
CMEDO at all concentrations tested (30, 60, 120 mg/kg)
were found to exert significant anti-nociceptive activity
(p<0.01, p<0.001, p<0.001, respectively) against VEH
treated). MOR (a standard drug) exerted anti-nociceptive
activity (p <0.001) that is greater in intensity than CMEO
(120 mg/kg). Interestingly, there was insignificant anti-
nociceptive activity between CMEO (120 mg/kg) and
DIC. In addition, treatment of rats by TP (10 and 20 mg/
kg) significantly reduced the inflammatory pain (p <0.01,
p<0.001, respectively).
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NO-cGMP-potassium channels

In the inflammatory-mediated phase of formalin test (Fig. 2),
treatment by specific antagonist such as LAH (i.pl; 50, and
100 pg/paw; p < 0.05, p <0.001, respectively), GLI (i.pl; 25,
50, and 100 pg/paw; p <0.01, p<0.01, p<0.001, respec-
tively), L-NAME 100 pg/paw (p <0.001) and/or MB (100,
200 and 400 pg/paw; p<0.05, p<0.01, p<0.001, respec-
tively) significantly altered the anti-nociceptive intensity of
CMEO (120 mg/kg, p.o.).

The involvements of TRPV, serotonin, adrenergic,
and cannabinoid systems

Pretreatment with the respective antagonist of several non-
opioid receptors revealed that only the antagonist of TRPV-1
(CAP 3, 10, and 30 pg/paw; p<0.05, p<0.01, p<0.001,
respectively), serotonin 5-HT; (OND 2,4, 10 pg/paw;
p<0.01, p<0.01, p<0.001, respectively), a2 adrenergic
antagonist (YOH 0.5, 10, 20 pg/paw; p <0.001, at all doses),
or CB1 (SRA 3 pg/paw; p<0.001) receptors significantly
reversed analgesics-like activity of 120 mg/kg CMEO as
illustrated on Figs. 3, 4, 5.

300
i T
4 T
T lllll
=250 | . L T a
£ ]|z aa T
E ™ aaa
\.«200_ aaa
g i
z
_SISO-
E L
O 1004
=)
< -
50
0
SO LLLYELLYESELSESESL SO
TS FTESTESS SIS S
FFISSS/83888559¢5
ijevgv%@% ©
NN
~N

Fig.2 The anti-nociceptive effects of Chaerophyllum macropodum
(CMEO) in phase-1I of formalin-induced test may be linked to the
NO-cGMP-K* channel pathway. Upon receiving CMEO at a dos-
age of 120 mg/kg, the rats were administered a local prescription of
each antagonist. Nw-Nitro-L-arginine methy lester hydrochloride
(L-NAME), Sodium nitroprusside (SNP), Glibenclamide (GLI),
L-arginine (LAH), Methylene blue (MB). “The Linear-Log Trap-
ezoidal Method was a technique used to determine the Area Under
the Curve or AUC”. ?p<0.05, *p<0.01, and ***p <0.001 vs. control
group (Veh/vehicle). n=7 rats/group. After conducting One-way
ANOVA, the Bonferroni's tests were performed. The data are pre-
sented as Mean values plus Standard Error of the Mean
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Fig.3 The Chaerophyllum macropodum essential oil, also known
as CMEO, has a potential anti-nociceptive effect at a dosage of 120
mg/kg, which may be attributed to its activation of TRPV and PPAR
mechanisms. The antagonist of PPARy (GW9662 or GW9: 3, 10, 20
pg/paw) and the antagonist of PPARa (GW6471 or GW6: 10, 20, 30
pg/paw), the antagonist of TRPV-1 (capsazepine/Cap: 3, 10, 30 pg/
paw,) and the antagonist of TRPV-2 (tranilast/Tra: 3, 6, 12 pg/paw).
The data are presented as Mean values plus Standard Error of the
Mean. “The Linear-Log Trapezoidal Method was a technique used to
determine the Area Under the Curve or AUC”. ?p <0.05, **p <0.001
a significant difference to control group (vehicle or Veh). n=7 rats/
group. After conducting One-way ANOVA, the Bonferroni's tests was
performed

The effects of CMEO and TP on the allodynia

Based on the statistics presented in graphs 6A and B, rats
that underwent CCS surgery experienced a significant reduc-
tion (p <0.001) in their PWT levels over the 14-day experi-
mental period against rats who did not undergo CCS surgery.
Interestingly, 120 mg/kg CMEO significantly reduced allo-
dynia at all day post-surgery (from day 2 with p <0.05 to day
14 with p <0.001), whereas 60 mg/kg CMEO exerted mean-
ingful anti-allodynia only on days 4 and 10 post-surgery
(»<0.05). Similarly, TP in 12 and 25 mg/kg dosages also
exerted meaningful anti-allodynia activity on days 8 and 10
(»<0.01; p<0.001, respectively).

The effects of CMEO and TP on hyperalgesia

CCS-surgery rats pre-treated with VEH and then
exposed to thermal radiation exerted significantly higher
(p <0.001) hyperalgesia effect against naive rodents,
which is suggested by a reduction in the level of PWT
throughout the 14 days of the experimental duration
(Fig. 6C, D). Before undergoing CCS surgery, rodents
were given a pre-treatment of CMEO at a dosage of
120 mg/kg. This pre-treatment resulted in a significant
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Fig.4 The anti-nociceptive property of Chaerophyllum macropodum
(CMEO), at a dosage of 120 mg/kg, operates through the mechanisms
of serotonin and dopamine. Various doses of ondansetron hydro-
chloride/Ond, a competitive antagonist of serotonin type 3 recep-
tors, and ketanserin/Ket, an antagonist of serotonin type 2 receptors,
were administered to the paws in the amounts of 2, 4, 10 pg and 3,
10, 30 pg, respectively. Moreover, to inhibit the activity of D1 and
D2 receptors, various amounts of SCH23390//SCH and sulpiride/Sul
were administered per paw in dosages of 0.25, 0.5, 1 pg and 0.5, 2, 4
pg, respectively. The data are presented as Mean values plus Stand-
ard Error of the Mean. “The Linear-Log Trapezoidal Method was
a technique used to determine the Area Under the Curve or AUC”.
ip<0.05, ¥*p<0.001 vs. Veh (control/vehicle). n=7 rats/group.
After conducting One-way ANOVA, the Bonferroni's tests were per-
formed

reversal of the thermally induced pain response in CCS
rats on various days post-surgery, including days 6, 8,
10, 12, and 14 (p values ranging from p <0.01, p <0.001,
p<0.05, p<0.05, and p <0.01, respectively). Figure 6D
illustrated that the PWT level in rodents that underwent
surgery (CCS) showed significant improvement with
a dose of 20 mg/kg TP, indicating statistical signifi-
cance (p <0.05) at day 4, (p <0.01) at day 6 and day 10,
and (p <0.05) at day 12 following exposure to thermal
radiation.

Involvements of inflammatory cytokines

Figure 7A-C shows the levels of TNF-a, IL-1p, and IL-2
following treatment of CCS-surgery rats with CMEO.
Comparison to VEH-treated rats (normal rats) revealed
that the level of all inflammatory cytokines increased
significantly (p <0.001) in CCS-surgery rats. CMEOQ,
at 120 mg/kg, significantly reduced the level of TNF-a
(»<0.001), IL-1B (p < 0.001), and IL-2 (p <0.05).
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Fig.5 The anti-nociceptive effect of Chaerophyllum macropodum
essential oillCMEO (at a dosage of 120 mg/kg) is attributed to its
action on adrenergic and cannabinoid mechanisms. The prazosin
(Pra) and yohimbine (Yoh) were administered at varying doses (0.5,
1, and 2 pg/paw for Pra and 0.5, 10, 20 pg/paw for Yoh) to block the
al and o2 adrenergic receptors, respectively. CB1 and CB2 recep-
tor blockers (SR141716A/SRA and SR144528, respectively) were
administered at varying doses per paw (1, 3, and 6 pg/paw for CB1
and 5, 10, and 20 pg/paw for CB2). The data are presented as Mean
values plus Standard Error of the Mean. “The Linear-Log Trapezoidal
Method was a technique used to determine the Area Under the Curve
or AUC”. p<0.05, ®*p<0.01, and ***p<0.001 vs. control group
(Veh/vehicle). n=7 rats/group. After conducting One-way ANOVA,
the Bonferroni's tests were performed.

Monitoring of locomotor motion

Giving rats either CMEO (30, 60, and 120 mg/kg) or TP
(5, 10, and 20 mg/kg) by mouth (p.o.) did not change their
locomotor activity compared to VEH (Tablel).

Blood parameters

Oral pre-treatment with CMEO (30, 60, and 120 mg/kg) or
TP (5, 10, and 20 mg/kg) continuously for 7 days caused
no significant changes in the blood parameters against
VEH pre-treated group (Table 2).

Phytoconstituents analysis of CMEO using GC-MS

Twenty volatile phytochemicals identified from CMEO
which represent 97.6% of the total content of CMEO
(Table 3). Four main compounds identified in CMEO fol-
lowing the GC-MS analysis was terpinolene (34.1%), myr-
isticin (14.2%), trans-p-ocimene (10.3%), and y-terpinene
(9.7%).
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Fig.6 The effects of Chaerophyllum macropodum essential oil
(CMEO) and Terpinolene (TP) at varying doses (30, 60, and 120 mg/
kg for CMEOQ, and 5, 10, and 20 mg/kg for TP) were observed in the
mechanical allodynia (A, B) and heat hyperalgesia (C, D) through
continuous therapy. Vehicle or Veh, Pregabalin (PGB, 30 mg/kg), and

Discussion

The present study was carried out to evaluate the effects
of Chaerophyllum macropodum leaves essential oil and its
main constituents, TP, in inflammatory and neuropathic
pain. Furthermore, it is clearly proved that CMEO also could
reduce acute inflammatory pain, partly via the modulation
of serotonin, vanilloid, cannabinoid, and adrenergic systems
and the involvement of NO—-cGMP-K* channel pathway.
The important of medicinal plants industry, particu-
larly, in Iran has been previously discussed (Sardoei
2022). According to the report, Iran was evaluated as the
number one leading country in terms of medicinal plants
export in 1998 and the fifth in 2003, and it came to 32
in rankings due to some problems. In 2018, the share of
Iran from medicinal plants trade was 440 million dollars,
while the total global transaction of medicinal plant import
was about 124 billion dollars. This outstanding amount of
trade creates unique opportunities for the traders of these
products. This information suggests the importance of
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Cervical spinal cord contusion (CCS). n=7 rats per group. After con-
ducting Two-way ANOVA (repeated measures), the Bonferroni's tests
were performed. The data are presented as Mean values plus standard
error of the mean. *p <0.05, *p <0.01, ***p <0.001 vs. CCS model

medicinal plants industry to Iran economy, which trig-
gered the current study. CMEO have been traditionally
used by the Iranian to treat various ailments, which include
inflammatory-mediated diseases. Unfortunately, no scien-
tific study on its anti-inflammatory and anti-neuropathic
activities have been performed; hence no clinical study has
been performed too on this plant. The findings reported
in this article supported the potential medicinal usages
of CMEDO to treat inflammatory-mediated diseases; which
could be the basis for future clinical study. From this study
also, CMEO exerted an activity against the second phase
of formalin test indicating its peripheral mechanisms of
action as shown with Dic. Hence, it could be developed
into a peripheral analgesic drug for clinical use to replace
Dic, which have been associated with side effects like gas-
tric ulcer. The identification of terpinolene also could be
an added advantage for future drug development since this
compound was found to be safe for consumption. Other
than that, its anti-neuropathic potential would be an added
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Fig.7 The essential oil derived from Chaerophyllum macropodum,
also known as CMEO, displayed the ability to reduce the levels of
Interleukin-1p, tumor necrosis factor, and Interleukin-2 in rats with spi-
nal cord injuries. Commoditized fragments of the spinal cord in the cer-
vical region have been subjected to lysis-buffer. The cervical spinal cord
contusion (CCS) led to a significant increase in the levels of IL-2, IL-1,
and TNF in the spinal cord. Nevertheless, this response was suppressed
by CMEO. ®p<0.05, "p<0.01, and *p<0.001 versus CCS group;
%3 <0.001 versus vehicle/Veh. n=7 rats per group. After conducting
One-way ANOVA, the Bonferroni's tests were performed. The data are
presented as Mean values plus Standard Error of the Mean

value in comparison to other similar products (such as
pregabalin) available in the market.

Inflammation is a vital defensive mechanism of the body
that occurs in response to tissue harm induced by various
stimuli. It serves an important role in bringing back homeo-
stasis and facilitating tissue recovery, along with preserving
tissue injury. The formalin-induced paw licking model has
been divided into two stages: acute and inflammatory phase
(Zakaria et al. 2016). The subsequent episode of the formalin
model could potentially be instigated by the inflammatory
system (Lariviere et al. 2006). Remarkably, treatment of
naloxone did not turn around CMEO-induced anti-nocic-
eptive activity in the stage-II of the formalin-induced paw
licking model. Therefore, this evidence reinforced the pos-
sible involvement of non-opioid pathways in modulation of
CMEDO anti-nociceptive activity.

Prior investigation elucidated that TP possesses inhibi-
tory properties against acute responses provoked by various
inflammatory agents in mouse models (Menezes et al. 2023).
TP was found to facilitate a decrease in the duration of lick-
ing in both episodes of the formalin-induced model, with a
notably substantial impact on the initial phase. Our results
are in line with Menezes et al. (2023) findings, although
administration of TP in the current study exhibited more
pronounced effects in the latter episode of formalin-induced
model. Up to this point, the previous study has affirmed anti-
nociceptive and anti-inflammatory synergistic activity of TP
and diclofenac in a chronic inflammatory model (Macedo
et al. 2016). It is widely accepted that diclofenac affected
pain by inhibiting the action of cyclooxygenase 1 and 2 that
converts arachidonic acid into prostaglandins, thrombox-
anes, and prostacyclins (Zacher et al. 2008). In the present
study, CMEO shows same anti-nociceptive effects when
compared to diclofenac (in phase II). It is possible that in the
same mechanism, TP and/or CMEO could attenuate inflam-
matory pain through inhibiting cyclooxygenase mechanism.
Moreover, according to the current research, CMEO had a
more potent anti-nociceptive impact on the inflammatory
episode compared to the initial phase.

Interestingly, the previous study by Macedo et al. (2016),
revealed that TP exerted the anti-nociceptive activity
through serotoninergic mechanism. In line with the previ-
ous study, the current research exhibited that CMEO as an
important source of TP could reduce acute inflammatory
pain through 5-HT; receptor of serotonin-dependent mecha-
nism. Furthermore, Sasaki et al (2001) have demonstrated
that the intrathecal administration of 5-HT; receptor agonist
declines the occurrence of flinches in the second stage of
the formalin-induced model (Sasaki et al. 2001). The 5-HT;
receptors present in the dorsal horn have been observed to
exert an inhibitory effect on nociceptive transmission, which
occurs in reaction to chemical stimuli related to inflamma-
tion (Liu et al. 2002). The activation of 5-HT}; receptors on
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Table 1 The impact of the

Lo ! Treatments Time spent in the rotating rod (s)

essential oil derived from

the leaves of Chaerophyllum O/base 30 60 120

macropodum essential oil and

one of its principal components, Vehicle 136.12+1.12 130.15+2.41 132.47+4.71 135.11+1.22

terpinolene, on motor skills CMEO (30 mg/kg) 13442 +1.44 133.53 +5.81 134.64 +1.04 136.33+3.72

assessed through the use of a CMEO (60 mg/kg) 13636+121  130.55+4.32 133.08+7.21 137.48+5.21

rota-rod tool was investigated
CMEO (120 mg/kg) 132.32+1.06 129.54 +1.66 136.33+1.73 139.11£6.34
TP (5 mg/kg) 135.05+2.53 136.76 +8.23 138.34+5.78 139.55+8.99
TP (10 mg/kg) 136.76 +6.13 134.62 +7.01 137.43+5.84 139.76 +1.88
TP (20 mg/kg) 135.54+9.34 130.04 +£6.91 135.82+1.86 130.54 £5.71
Diaz (4 mg/kg) 134.56 +1.32 44.72 +0.13%** 59.05 +3.51%** 76.88 +£9. ***46

Chaerophyllum macropodum essential oil (CMEQO), Vehicle/Veh, Terpinolene/TP, diazepam/Diaz. n="7
rats per group. After conducting Two-way ANOVA, the Dunnett’s tests were performed. The data are pre-
sented as mean values plus standard error of the mean. A statistical significance of ***P <0. 001 as com-
pared to the vehicle within the same timeframe

Table 2 The potential systemic

Lol Treatment Creatinine (mg/dl) Urea (mg/dl) AST (U/N) ALT (U/)

consequences of administering
either CMEO or TP in animal Vehicle 0.04+1.23 473+6.8 89.6+11.3 73.7+54.2
models CMEO (30 mg/kg) 0.02+1.24 49.56+3.7 82.5+14.8 75.6+72.3
CMEO (60 mg/kg) 0.02+3.11 41.6+7.6 85.5+04.7 77.5+65.7
CMEO (120 mg/kg) 0.03+2.54 43.9+4.3 82.6+19.2 71.5+65.3
TP (5 mg/kg) 0.02+0.62 47.0+9.1 88.5+73.4 76.2+33.7
TP (10 mg/kg) 0.04+0.76 44.1+1.5 90.4 +34.6 77.8+41.6
TP (20 mg/kg) 0.02+0.81 46.5+6.5 8524235 7514224

Over a two-week period, different amounts of essential oil from Chaerophyllum macropodum (CMEO),
Terpinolene (TP), and a vehicle was administered to the animals. n=6-7 rats per group. The data are pre-
sented as mean values plus standard error of the mean. After conducting two-way ANOVA, the Dunnett’s

tests were performed

interneurons by 5-HT agonists resulted in the facilitation
of neurotransmitter release, specifically GABA or glycine,
within trigeminal neurons. One conceivable hypothesis for
delineating the underlying operations of anti-nociceptive
outcomes pertaining to 5-HT; receptor agonists is that its
administration leads to elicitation of inhibitory neurotrans-
mitters (Bardoni 2019). Then, pre-treatment of rats by OND
as an antagonist of 5-HT}; receptor, possibly could reverse
anti-nociceptive effects of CMEO through inhibition of the
above mechanism.

The L-arginine-NO-cGMP-K 1 channel pathway
serves a critical function in modulating the physiological
processes underlying inflammatory pain during the phase-II
of the formalin-induced model. The anti-nociceptive impacts
are initiated by the opening of ATP-sensitive potassium
channels, which causes rising intracellular cyclic guanosine
monophosphate following the action of nitric oxide (NO)
(Abed et al. 2022a). Subsequently, our attention was directed
toward investigating the process of NO biosynthesis as a
means of elucidating the potential interconnection between
CMEQO and regulation of L-arginine—NO signaling. In the
formalin-induced model (phase II), a significant decrease
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in pain inhibition was observed subsequent to the adminis-
tration of L-NAME. The anti-nociceptive function of nitric
oxide donors peripherally has been demonstrated to involve
the inhibition of specific K* ,1p channels (Romero et al.
2012). Previous investigation (Tonussi and Ferreira 1994)
used two animal models of pain to show that in addition to
inhibiting COX, diclofenac apparently downregulates the
function of sensitized peripheral pain receptors by stimulat-
ing the L-arginine-NO-cGMP pathway. CMEO apparently
has the same effect as the diclofenac-induced activation of
ATP-sensitive potassium channels can be inhibited by a NO
synthase inhibitor, a guanylate cyclase inhibitor, and an
ATP-sensitive potassium channel opener.

To further investigate on the possible mechanisms of
action that took place within the second stage of formalin-
induced model, rodents were pre-administrated with CAP
(the antagonist of TRPV-1), YOH (the antagonist of a2
adrenergic), and SRA (the antagonist of typel cannabi-
noid), and was found to return the anti-nociceptive activ-
ity of CMEO. In other respects, the use of rats lacking the
vanilloid receptor gene (knockout) indicates that the vanil-
loid mechanism plays a role in both hypersensitivity and
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Table 3 The constituents of the essential oil derived from the leaves
of Chaerophyllum macropodum were analyzed to determine its chem-
ical composition

Compound Retention Percentage (%) Molecular formula
indices
Terpinolene 1279 34.1 CioHg
Myristicin 1362 14.2 C,H,05
Trans-p-ocimene 1257 10.3 CioHig
y-terpinene 1247 9.7 CioHig
Falcarinol 1222 6.5 C;H,,0
Germacrene D-4-ol 1712 5.4 CsHy,
Carvacrol methyl 1159 35 C;H,c0
ether
Thymol methyl 1270 3.1 C,oH,,0
ether
p-cymene 1150 22 CoHys
Sabinene 1130 2.1 CioHig
Piperitenone 1315 1.5 C,oH4,0
Limonene 1187 1.3 CioHig
a-Cubebene 1458 1.1 CsHy,
a-Copaene 1551 0.6 CsHy,
Daucene 1510 0.6 CisHyy
B-Bourbonene 1546 0.5 CsHy,
Linalool 1506 0.4 C,oH;50
a-Thujene 1038 0.2 CioHy6
a-Humulene 1672 0.2 CisHyy
Isodaucene 1543 0.1 CsHy,

pain sensation in response to painful stimuli after damages
a part tissue (Ro et al. 2009). Moreover, Bezerra and co-
authors conducted the study, in 2021, to investigate the
anti-nociceptive properties of triterpene acetyl aleuritolic
acid (AAA), which was derived from Croton zehntneri. The
findings of this investigation demonstrated that the TRPV-1
and TRPV-2 channel plays a crucial role in mediating the
anti-nociceptive action of AAA (Bezerra et al. 2021). The
current findings provide empirical support for the preceding
research with regard to the involving of TRPV-1 receptors
(CAP) in the modulation of nociception. In contrast to the
findings of Bezerra et al. (2021), it can be observed that the
anti-nociceptive action mediated by CMEO did not rely on
the involvement of TRPV-2 receptors.

The considerable anti-nociceptive impact of substances
similar to cannabis and the existence of CB; cannabinoid
receptors in regions of the spinal cord and brain involved
in pain processing suggests that endogenous cannabi-
noids, including anandamide, may play a role in regulat-
ing pain communications within the CNS. The antagonist
SR141716A, which targets the CB, receptor, has been
observed to augment and extend pain like activity triggered
by tissue injury. These findings suggest that peripheral CB,
receptors play a critical role in the initiation of intrinsic pain

control and indicate that modulating cannabinoid receptor
activity may offer therapeutic benefits in managing neu-
ropathic and inflammatory pain (Starowicz et al. 2013).
Beaulieu et al. (2000) demonstrated that antagonists of CB;
and CB2 receptor, respectively, elicited a reduction in noci-
ceptive like-behavior in both stages of the formalin-induced
model following intraperitoneal administration (Beaulieu
et al. 2000). One theory that could explain this phenomenon
on a molecular level was presented in a study that showed
the cannabinoid CB, receptors can activate adenylyl cyclase
stimulation or inhibition through either G, or G;, respectively
(Turu and Hunyady 2010). We have recently proven in our
lab that Bupleurum falcatum L. essential oil, which belongs
to the Apiaceae family, has the ability to alleviate pain and
hypersensitivity when taken orally by activating CB, recep-
tors (Ahmadimoghaddam et al. 2021). The current data align
with previous evidence of the involvement of CB, receptors
in the anti-nociceptive properties of this herbal remedy.
Neuropathic pain may result from illnesses or injuries
that affect the nervous system. Typical indications of neu-
ropathic pain, encompass hyperalgesia, allodynia and spon-
taneous pain (Jensen and Finnerup 2014). During the injury
that occurred at the C5 level of the spinal cord, researchers
were able to observe the presence of hyperalgesia and allo-
dynia (Dietz et al. 2022). There is a general consensus that
Cuminum cyminum L. is widely recognized as a valuable
source of TP (Koohsari et al. 2020). This medicinal plant has
potential to alleviate neuropathic pain by reducing inflam-
mation in the spinal nerves. It highlights the crucial partner-
ship between terpenoids and cannabinoids in achieving this
effect. In the same way, the current information showed that
utilizing CMEO or TP under CCS circumstances on a tem-
porary or permanent basis can prevent from advancements
of neuropathic pain (Putatunda et al. 2014). It is clearly
demonstrated that pregabalin as a reference drug could help
in reducing neuropathic pain. According to the declared
mechanism suggested by previous reports (Colloca et al.
2017), pregabalin blocks the voltage gated calcium channel
and hence decrease glutamate and sensory neuropeptides
(substance P and gene-related peptide) release at synapses
by decreasing Ca®" influx. Excitatory amino acid trans-
porter activity is increased by pregabalin which caused more
decrease in synaptic availability of glutamate. Decreased
glutamate levels further inhibited the activation of NMDA
and decreased the neuronal firing. Additionally pregabalin
also activates the K,p channels, which also contributes to
inhibition of neuronal excitation. Pregabalin through all
these pathways ultimately provides significant pain relief in
various spinal neuropathic pain states. In the present study,
administration of CMEO has shown the same anti-neuro-
pathic activity compared to pregabalin (especially in 14th
day post spinal surgery). Therefore, CMEO could possibly
attenuate neuropathic pain in similar mentioned mechanism.
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Research into cytokines plays a crucial role in the
progression of knowledge concerning neuropathic pain
(Ramesh et al. 2013). Our attention was directed toward the
impact of CMEO on cytokines related to inflammation in
the spinal cord. The potential of TP to hinder sudden inflam-
matory reactions and diminish the formation of granulomas
in the body is likely due to its ability to disrupt the bodily
alterations directed by inflammatory agents like histamine
and PGE, (Menezes et al. 2023). In addition, terpinolene
has been shown by researchers to effectively reduce the lev-
els of pro-inflammatory cytokines IL2 and TNFa in a way
that is dependent on the dosage used (de Christo Scherer
et al. 2019). The use of cytokine antagonists beforehand
has diminished the pain related neuropathological symp-
toms. In a study conducted by Shao and colleagues in 2015,
it was demonstrated that administering IL2 and IL1p via
intrathecal injection resulted in the development of mechani-
cal allodynia as well as hypersensitivity (Shao et al. 2015).
During our study, we noticed that in the CCS model, the
levels of cytokines like IL13, TNFa, and IL2 were reduced
in the cervical segments of the spinal cord upon the admin-
istration of either CMEO or TP. It is possible that the anti-
neuropathic role of CMEOQ is connected to regulating these
key cytokines.

As part of our study, we assessed how CMEO's pain-
relieving properties were linked to mobility, using the rota-
rod device. Our results indicated that administration of
CMEDO or TP did not adversely affect the rats' motor func-
tion. Given the potential harmful side effects of commonly
used pain medications (such as kidney problems and stom-
ach ulcers), we examined the impact of CMEO or TP on bio-
chemical markers. The results are noteworthy as they reveal
that there was no noticeable alteration in the biochemical
indicators, indicating that the use of CMEO or TP did not
result in any adverse effects. Previously conducted studies
have aligned with these discoveries, concluding that the TP
compound demonstrated no signs of harmful effects over
the course of 28 days of treatment. (Menezes et al. 2021).

Conclusion

This study illustrates the ability of CMEO to alleviate neu-
ropathic and nociceptive symptoms after being exposed
to chronic and acute models. Moreover, CMEO-mediated
anti-nociceptive effect in the inflammatory phase of forma-
lin test, partly, involved the modulation of the serotonin,
TRPYV, adrenergic, and cannabinoid receptors as well as the
NO-Cgmp-K™ channel pathways. The findings suggest that
CMEQO could be a viable option for creating novel drugs and
supplements that can effectively aid in alleviating persis-
tent pain. Therefore, we recommend CMEO as an innova-
tive and captivating option for alleviating neuropathic and
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inflammatory pain, rooted in the authentic concept of Per-
sian ethno-pharmacological remedies.
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